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Abstract
A technique was developed for measuring the deposition of aerosols from 0.01 to 1pm
diameter in a turbulent, planar channel flow. The ultimate goal of this project was
to investigate ultrafine aerosol deposition in lung passageways.
A procedure was developed to measure ultrafine aerosol deposition in a turbu-
lent planar channel. Titanium tetrachloride, TiCl4, reacting with atmospheric water
vapour created a polydisperse titanium dioxide, TiO2, aerosol which was injected into
the flow. The aerosol deposited on electron microscope grids mounted on the bottom
of a test section. Then the grids were photographed at 20,000 magnification with
a transmission electron microscope, and a digital image analysis computer program
counted and sized the particles on the grids.
Two sets of tests were performed using slightly different apparatuses. An initial
battery of tests was performed the summer of 1992. Then another battery of tests was
run in the spring of 1993 incorporating many design improvements to the apparatus.
Both tests had a step upstream of the grids to study the effects of secondary flows, a
common occurrence in the lung.
The data taken during the summer of 1992 showed five times greater deposition
within the secondary flow than before the step. Deposition at the reattachment point
of the flow was still higher than the non-secondary flow case, but lower than within
the secondary flow itself. It has been surmised that the vortex in the secondary flow
entrained the smaller particles and brought them much closer to the bottom of the
wall. This created a higher concentration gradient to drive mass transfer.
The data taken during the spring of 1993 showed that the secondary flows inhibited
mass transfer. Within the secondary flow deposition only reached 10 percent of what
was attained upstream of the step. It was concluded that the secondary flow was
affected by the design changes which caused the diffusive boundary layer to be too
thick for enhanced mass transfer to occur. However, the sample size was much smaller
in 1993 than in 1992, so further testing should be conducted.
Thesis Supervisor: John H. Lienhard V
Title: Associate Professor
Ultrafine Aerosol Deposition in Planar Channel Flow
by
Michael Yuan Feng
Submitted to the Department of Mechanical Engineering
on May 6, 1993, in partial fulfillment of the
requirements for the degree of
Bachelor of Science in Mechanical Engineering
Abstract
A technique was developed for measuring the deposition of aerosols from 0.01 to 1/Lm
diameter in a turbulent, planar channel flow. The ultimate goal of this project was
to investigate ultrafine aerosol deposition in lung passageways.
A procedure was developed to measure ultrafine aerosol deposition in a turbu-
lent planar channel. Titanium tetrachloride, TiCl 4, reacting with atmospheric water
vapour created a polydisperse titanium dioxide, TiO2, aerosol which was injected into
the flow. The aerosol deposited on electron microscope grids mounted on the bottom
of a test section. Then the grids were photographed at 20,000 magnification with
a transmission electron microscope, and a digital image analysis computer program
counted and sized the particles on the grids.
Two sets of tests were performed using slightly different apparatuses. An initial
battery of tests was performed the summer of 1992. Then another battery of tests was
run in the spring of 1993 incorporating many design improvements to the apparatus.
Both tests had a step upstream of the grids to study the effects of secondary flows, a
common occurrence in the lung.
The data taken during the summer of 1992 showed five times greater deposition
within the secondary flow than before the step. Deposition at the reattachment point
of the flow was still higher than the non-secondary flow case, but lower than within
the secondary flow itself. It has been surmised that the vortex in the secondary flow
entrained the smaller particles and brought them much closer to the bottom of the
wall. This created a higher concentration gradient to drive mass transfer.
The data taken during the spring of 1993 showed that the secondary flows inhibited
mass transfer. Within the secondary flow deposition only reached 10 percent of what
was attained upstream of the step. It was concluded that the secondary flow was
affected by the design changes which caused the diffusive boundary layer to be too
thick for enhanced mass transfer to occur. However, the sample size was much smaller
in 1993 than in 1992, so further testing should be conducted.
Thesis Supervisor: John H. Lienhard V
Title: Associate Professor
Contents
1 Introduction 10
1.1 Project Motivation ............................ 10
1.2 The Definition of "Ultrafine" Aerosol Particles . ............ 10
1.3 Previous Ultrafine Aerosol Analysis . . . . . . . . . . . . . . . . . . . 11
1.4 The Goals of this Project ................... . . . . . . 11
2 Theory 12
2.1 Aerosol Deposition Mechanisms in the Lung . ............. 12
2.1.1 Inertial Impaction ......................... 13
2.1.2 Gravitational Settling ...................... 13
2.1.3 Brownian Diffusion ........................ 14
2.2 Convective Deposition in Turbulent Flow . . . . . . . . . . . . . . . . 14
2.3 Secondary Flows ............................. 16
2.4 The Effects of Secondary Flows on Deposition . . . . . . . . . . . . . 18
3 Apparatus 19
3.1 W ind Tunnel ............................... 19
3.1.1 Flow Manipulators ........................ 19
3.1.2 Aerosol Injection ......................... 20
3.1.3 Experimental Protocol Considerations . ............ 20
3.2 Aerosol Seeding .............................. 20
3.2.1 Handling TiCl4 . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.2 Particle Size Distribution of Aerosol . .............. 22
3.2.3 Injection Technique ....
3.3 Transmission Electron Microscopy
4 Procedure
4.1 Obtaining a Deposition Sample
4.2 TEM procedure . . . . . . . . . .
4.3 Image Analysis . . . . . . . . . .
4.3.1 Scanning the Photos . . .
4.3.2 Image 1.47 . . . . . . . .
4.3.3 PC-Image . . . . . . . . .
5 Results
5.1 Summer 1992 . . . . . . . . . . .
5.2
5.1.1 No Step . .
5.1.2 x/h=3 . .
5.1.3 x/h=6 .6 .
5.1.4 x/h=9 .9 .
5.1.5 Background
Spring 1993 ....
5.2.1 No Step ..
5.2.2 x/h=3 3 .
5.2.3 x/h=6  6 .
(TEM.......................(TEM ) ... .. .. .. . ... . .
.eoooe.
Noise ....
.......
.......
.......
..... e.5.2.4 x/h = 9
5.3 Comparison Between 1992 and 1993 .
5.4 The Influence of Secondary Flows on
..... oo.
....... o
Deposition .
5.5 Uncertainty Analysis ................
6 Discussion
6.1 Conclusion ............
6.2 Errors ..............
6.2.1 Foreign Particles ....
23
25
30
30
30
31
31
31
33
34
34
37
37
37
37
38
38
38
38
43
43
45
..
.. . . . . . . . . . . .
....................
....................
6.2.2 Variance in Particle Size Distributions . ............ 51
6.2.3 Illegitimate Errors ........................ 52
6.3 Recommendations for Procedure ...................... 53
6.4 Recommendations for Further Study . . . . . . . . . . . . . . . . . . 54
A Calculations 55
A.1 Estimate of Diffusive Boundary Layer . ................. 55
A.2 Calculation of Stokes Number ...................... 55
A.3 Hydraulic Diameter ............................ 56
A.4 Aerodynamic Diameter Conversion . .................. 56
A.5 Uncertainty Calculations ......................... 57
B Raw Data 58
B.1 1992- Courtesy of Kurt Roth ....................... 58
B.2 1993 .................... .. . ........ .... .. 58
List of Figures
2-1 Schematic Diagram Showing the Structure of Turbulent Pipe Flow. . 16
2-2 Backward Facing Step ........................... 17
2-3 Forward-_ackward Facing Step. .................... .. 17
3-1 The Wind Tunnel. ............................ 21
3-2 Particle Size Distribution for TiO2 Aerosol ................ 23
3-3 Configuration to Purge Aerosol Seeding System .............. 24
3-4 Typical Gas Bubbler ............................ 25
3-5 Configuration to Fill Buret with TiCl4. ..... ............. 26
3-6 Configuration to Inject Aerosol into Wind Tunnel....... . . . 27
5-1 Total Deposition Count- Summer 1992 (Kurt Roth & Michael Feng). 35
5-2 Size Distribution of Deposited Aerosol at Several Locations- Summer
1992 (Kurt Roth & Michael Feng). . ................... 36
5-3 Total Deposition Count- Spring 1993. . .................. 39
5-4 Size Distribution (no step)- Spring 1993. . ............. . . 40
5-5 Size Distribution (x/h=3)- Spring 1993. . .............. . . 41
5-6 Size Distribution (x/h=6)- Spring 1993. . ................. 42
5-7 Size Distribution (x/h=9)- Spring 1993. . ................. 44
5-8 Size Distribution (All Cases)- Spring 1993. . ............... 45
A-1 Uncertainty Calculations .......................... 59
B-1 Particle Sizing and Counting- No Step, 1992. . .............. 61
B-2 Particle Sizing and Counting- x/h = 3, 1992 ................ 62
B-3 Particle Sizing and Counting- x/h = 6, 1992 ............... . 63
B-4 Particle Sizing and Counting- x/h = 9, 1992. . . . . . . . . . . . ... 64
B-5 Particle Sizing and Counting- Totals, 1992...... . . . . ....... 65
List of Tables
2.1 Cumulative Deposition of Unit-Density Particles onto a Horizontal Sur-
face from Unit Aerosol Concentration during 100 seconds by Diffusion
and Gravitational Settling ................... ...... 15
3.1 Hydrodynamic Properties of Wind Tunnel. . ............... 20
3.2 JEOL 200 TEM Specifications ..................... .. 28
5.1 Theoretically Determined Parameters of Deposition- Summer 1992. . 45
5.2 Theoretically Determined Parameters of Deposition- Spring 1993. . . 46
5.3 gm/9gm ,,o,.,: Ratio of Mass Transfer Coefficients- Summer 1992. . . . 46
5.4 g, /g,,, : Ratio of Mass Transfer Coefficients- Spring 1993. ..... 47
5.5 95 % Confidence Interval for the Mean Number Expected in Each
Particle Range. .................. .... ...... 48
B.1 Corresponding Location in Test Section for Photo Number ....... 58
Chapter 1
Introduction
1.1 Project Motivation
This project started as a feasibility study of experimental methods to measure ultra-
fine particle deposition to be submitted as a grant proposal to the National Institute
of Health (NIH). NIH's interest in the project was the possibility to model the depo-
sition of airborne particulates in the lung passageways. Many airborne particulates
that enter the lung are known to be mutagenic, i.e. capable of producing genetic
damage that can lead to cancer[11]. On the other hand, inhalers deliver medicine to
the lungs in an aerosol form, so knowledge of where the medicine deposits is beneficial.
1.2 The Definition of "Ultrafine" Aerosol Parti-
cles
In response, researchers have studied aerosol deposition intensely, but most research
has involved particle sizes greater than one micron[11]. On the other hand, urban air
pollution is composed of particles that are generally much smaller than one micron[11].
For example, soot particles have an aerodynamic diameter between 0.01pm and
0.51im[11]. It has also been demonstrated that particles of approximately 0.1.m are
the greatest contributor to the total surface area of normal urban aerosols thereby
transporting surface-absorbed mutagens to lung tissues most efficiently[11]. Natu-
rally, more attention should be paid to understanding how these potentially harmful
aerosols are transported within the lungs. For the purposes of this thesis, "ultrafine"
means less than one micron in particle diameter.
1.3 Previous Ultrafine Aerosol Analysis
In the past, simple theories and extrapolations from data on large diameter particles
were employed to predict deposition of ultrafine aerosols[11]. For example, Fuchs's
expression for deposition due to simultaneous gravitational settling and diffusion is
simply an addition of the two mechanisms[7, p. 251].However, these predictions tend
to be much lower than actual results[11]. The first assumption most deposition models
make is unidirectional flow, i.e. no secondary flows, but secondary flows are known
to exist at the tracheobronchial bifurcations. The second assumption is that the only
mechanism for ultrafine deposition is brownian diffusion. This assumption ignores
other forces that may enhance deposition rates, e.g. gravitational settling or inertial
impaction.
1.4 The Goals of this Project
The purpose of this thesis is two-fold: to develop a method to accurately measure
ultrafine particle deposition and then analyze the results. The development of mea-
surement techniques of ultrafine aerosol deposition in this planar channel flow might
lead to studying deposition in more complex flows such as curving flows or flows
around bifurcations to model the lung more accurately. The results of this thesis
compare the deposition in turbulent pipe flow to deposition in a secondary flow. I
hope to demonstrate that current predictions on ultrafine aerosol deposition in sec-
ondary flows are inadequate.
Chapter 2
Theory
2.1 Aerosol Deposition Mechanisms in the Lung
The three basic mechanisms of deposition in the lung are inertial impaction, gravi-
tational sedimentation, and diffusive (brownian) deposition[8]. Impaction occurs in
flows with curvilinear motion. Deposition occurs because the particles want to con-
tinue in a straight line due to inertia, so they separate from the streamlines of the
flow causing them to impact on the airway walls. Impaction is normally found in the
upper airways because of the high number of direction changes in the flow and the
higher flow rates. Sedimentation has its greatest effect in smaller airways(e.g. alve-
olar region) where the velocity of the flow is low and the airway dimension is small.
Sedimentation is the result of gravity acting on larger particles' masses. Brownian
motion is the random motion produced by collision with gas molecules. Aerosol par-
ticles exhibit strong Brownian motion when their diameters are small. The random
motion causes deposition in narrow passageways when particles collide with the wall.
The relative significance of deposition mechanisms to each other depends greatly on
particle size.
2.1.1 Inertial Impaction
According to Friedlander[5], the effect of inertial impaction is most important for
particles larger than 1/gm. Deposition by this mechanism occurs when the carrier
flow changes direction because the inertia of heavier particles prevents the particle
from following the flow streamlines and causes it to impact against the bounding wall.
2.1.2 Gravitational Settling
Gravity deposits heavier particles, i.e. larger particles. Friedlander [5] quantifies this
with an expression for the terminal settling velocity, Vt,, for a particle in stagnant air.
He derives it by balancing the gravitational force field and the drag on the particle:
FS= (2.1)f
where c is the velocity vector, F is the force vector, and f is the friction coefficient.
After substituting a gravitational field for the force field[5, p. 35],
t = pPgd C[l - P] (2.2)18/g PP
* p = gas density
* pp = particle density
* g = gravitational acceleration, 9.8m/s 2
* " = gas viscosity (air)
* dP = particle diameter
C is the Cunningham slip correction which is determined by:
C = 1 + A[2.514 + 0.800ezp(-0.55±)] (2.3)
A is the mean free path of the gas which for air is .0661im at 200C. C becomes
significant when dp A which is the case for ultrafine aerosols.
Although the equation for Vt, is for a still gas, it does give the relationship between
the terminal settling velocity and the particle diameter:
Vt, oc d, (2.4)
As dp decreases so does the gravitational settling rate.
2.1.3 Brownian Diffusion
Aerosol particles undergo random, wiggling motions in air called Brownian motion.
When there is a concentration gradient of the aerosol then the Brownian motion
causes net transport of these particles from the region of high concentration to low
concentration which is called diffusion. The diffusion process can be characterized by
the particle diffusion coefficient, D[10].
kBTV = C (2.5)
V ,tair3 7r dp
The larger D is the more Brownian motion, i.e. diffusion.
To obtain a rough idea of how settling and diffusion vary with particle diameter
table 2.1 has been reproduced from Aerosol Technology by William C. Hinds[8, p.
145].
2.2 Convective Deposition in Turbulent Flow
In a turbulent pipe flow, small particles deposit on the walls by entrainment in the
turbulent eddies and Brownian diffusion. Analysis of deposition by convective diffu-
sion first requires a characterization of the flow field. The flow is divided into three
different zones illustrated in figure 2-1 reproduced from page 78 of Smoke Dust and
Haze by Friedlander[5]. In the turbulent core, Brownian diffusion is negligible com-
pared with transport by the turbulent eddies. Closer to the wall, Brownian and eddy
diffusion are equally significant. Finally, adjacent to the wall, there is a thin viscous
Cumulative Deposition
Diameter Diffusion Settling Diffusion
Ratio,----(Am) (number/cm2 ) (number/cm2 ) Settling
0.001 2.5 6.5 x 10- ' 3.8 X 104
0.01 0.26 6.7 X 10- 4  390
0.1 2.9 X 10-2 8.5 x 10- 3  3.4
1.0 5.9 X 10-3  0.35 1.7 x 10-2
10 1.7 x 10-i 31 5.5 X 10- 5
100 5.5 x 10- 4  2500 2.2 X 10- 7
aThis assumes an aerosol concentration of 1 particle/cm3 outside the gradient region.
Table 2.1: Cumulative Deposition of Unit-Density Particles onto a Horizontal Surface
from Unit Aerosol Concentration during 100 seconds by Diffusion and Gravitational
Settling.
sublayer where turbulent fluctuations are weak. However, for Sc > 1 even these weak
fluctuations bring the particles closer to the wall before Brownian diffusion can act[5].
Hinds [8] provides an empirical formula for predicting aerosol deposition in turbu-
lent pipe flow. He assumes a constant concentration, no, outside of the thin viscous
sublayer adjacent to the wall and zero concentration at the wall. The thickness of the
diffusive layer (from wall to no), 6, was derived by Fuchs[7, p. 269]:
28.5dhVD(
Re (/p) (2.6)
* dh = hydraulic diameter of duct
* Re = Reynolds number =
Using 6, the downward velocity,V&p, of any particle can be determined from[8, p.
147]:
Vdep= (2.7)
By the definition of Vdp, it can be shown that:
Vdep = - (2.8)
no
where J is the mass flux towards the wall.
BufferLayer1Turbulent r
Viscousre " -
Sublayer
Mean
Velocity
Mean Particle
Concentration
Figure 2-1: Schematic Diagram Showing the Structure of Turbulent Pipe Flow.
It is also useful to calculate what percentage of the initial concentration escapes
deposition and leaves the tube. Hinds gives an expression for this, too [8, p. 148]:
not -4 VdeL
= exp(d (2.9)
where L is the tube length.
2.3 Secondary Flows
A secondary flow was created by placing a step block in the flow. This obstacle causes
the shear flow to separate off the top of the obstacle. After passing the obstacle, the
separated shear layer curves sharply downstream in the reattachment region. Part of
the separated flow becomes entrained upstream into a recirculation zone by a strong
adverse pressure gradient. Unfortunately, most data on sudden blockages to flows
refers to backward facing steps or blunt plates [3](see figure 2-2 reproduced from
Eaton and Johnston's paper[3].) For backward facing steps, reattachment lengths
for turbulent flow are independent of Reynold's number[3]. From Eaton, the di-
mensionless ratio of reattachment length to step height, Xz,/h,te is approximately
six[3]. However, J. Faramarzi and E. Logan [4] recently studied reattachment lengths
behind a single roughness element (similar to the forward-backward facing step em-
ployed here, see figure 2-3 reproduced from Faramarzi and Logan's paper[4]). They
DIVIDING STREAMLINE
0 EDGE OF SHEAR LAYER
[I-
x REATTACHMENT ZONE
-Figure 2-2: Backward Facing Step.
Figure 2-3: Forward-Backward Facing Step.
used a circular pipe with a ring-shaped element of square cross-section fitted against
the entire inside perimeter of the pipe. The present channel only has the obstacle
fitted along the bottom wall(see figure 3-1.)
By examining the difference in results between the two cases, it can be concluded
that the ratio of length of obstacle to height of obstacle is important in determining
the reattachment length. The length of the obstacle gives the flow time to reduce
the vertical velocity component, i.e. stop it from moving away from the wall. Thus,
the backward facing step has a much lower reattachment length than a forward-
backward facing step, particularly when the step height is equal to the step length.
The reattachment length for a forward-backward step converges with the backward-
facing case when the step length increases to approximately twice the step height.
Adapting my channel configuration, to the results of Faramarzi and Logan via a
hydraulic diameter, the reattachment length is predicted to be approximately nine
step heights.
2.4 The Effects of Secondary Flows on Deposition
Within the past twenty years, researchers have discovered the compounding effect
of concurrent deposition mechanisms[11]. Inertial deposition, in particular, has been
found to enhance deposition by brownian diffusion and gravitational settling. This is
especially important for ultrafine aerosols where the inertia of the particles is generally
regarded as negligible. The concurrent deposition mechanisms differ significantly from
simple superposition of inertial deposition on Brownian or gravitational deposition.
This is because inertial effects concentrate particles in regions of high strain or low
vorticity, e.g. secondary flows[11].
A study by Maxey [12] examined the influence of inertia on gravitational settling
in a turbulent flow. He demonstrated that inertia concentrates particles in regions of
high strain rate or low vorticity, thus enhancing deposition. In this way, gravitational
settling rose by more than 25% for minimal inertial effects.
Similar to the present test flow, Kim et. al.[9] examined deposition behind a step
in a pipe flow for much larger particles and obtained deposition rates up to 100 times
greater than without a step. He attributed the two orders of magnitude increase in
deposition to recirculating vortices and added turbulence created by the step.
Although inertia and diffusive effects are weak, the compounding effects of inertia
are likely to be significant in secondary flows. At high Schmidt number, Sc = g, (the
case for ultrafine aerosol particles), the diffusive layer next to the wall is extremely
thin. The weak inertial effects compress the aerosol at the outer edge of the diffusive
layer creating a much higher concentration gradient to drive mass transfer, i.e. inertia
can increase deposition[11].
Chapter 3
Apparatus
3.1 Wind Tunnel
The wind tunnel produced a turbulent channel flow with an upstream air supply,
an aerosol seeding source, and various flow manipulators which fed a narrow planar
channel test section. See figure 3-1.
3.1.1 Flow Manipulators
The flow manipulators served to create a uniform concentration of aerosol and of
course, the turbulent flow desired. Downstream of the injection there was a grid to
cause turbulence which mixed the aerosol. Mixing the aerosol created the constant
bulk concentration in the center of the channel. A diffuser section between the com-
pressor and the channel widened the flow to the width of the test section and reduced
any time-varying turbulence caused by the compressor. Caution should be taken in
the angle of diffusion so that flow does not separate from the side walls [14, p.356].
Next, a honeycomb matrix straightened the flow, and the contraction downsized the
flow's cross-sectional area to that of the test section. At the beginning of the test
section, sandpaper 3.1 tripped the flow to ensure quick transition to turbulence. A
step was also glued to the bottom of the test section to induce secondary flows. A
diagram of the wind tunnel is given in figure 3-1.
Test Date 1992 1993
Honeycomb Hole Diameter 0.6cm 0.6cm
Hydraulic Diameter, dh 2.345cm 2.345
Maximum Centerline Velocity, U 2.76m/s 2.2m/s
Reynolds Number, Red, 5000 3568
Sandpaper Grit 36-grit 36-grit
Table 3.1: Hydrodynamic Properties of Wind Tunnel.
3.1.2 Aerosol Injection
The aerosol was injected through a hole on the top of the section adjacent to the
compressor. Injecting the aerosol far upstream of the test section allowed more aerosol
to form and to mix. A more detailed discussion of the aerosol seeding follows in the
proceeding section.
3.1.3 Experimental Protocol Considerations
The entire assembly of flow manipulators and test section was constructed of Lexan
to resist corrosion and to provide a clear view of the aerosol-seeded flow. The top of
the test section was also removable to allow easy access for deposition measurements.
3.2 Aerosol Seeding
Titanium dioxide was chosen as the aerosol because titanium tetrachloride can be
exposed to air to form titanium dioxide smoke quickly and cheaply. For these rea-
sons, researchers often use titanium dioxide for flow visualization. However,the air-
sensitivity of the liquid titanium tetrachloride, TiCl4, requires a system closed to
atmospheric air.
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3.2.1 Handling TiCl4
Attention should also be brought to the products of the reaction between titanium
tetrachloride and water given in equation 3.1.
TiCl4 + 2H20 -- TiO2 + 4HCI (3.1)
The presence of hydrochloric acid in the flow meant that all metal in the flow would be
corroded. Thus, metal objects inside the wind tunnel were coated with acid-resistant
material and leaks sealed with plasticene or silicone sealant. The aerosol exiting the
test section exhausted into a fume hood to prevent contaminating the laboratory.
The short reaction time of TiCl4 also meant that any residual TiCl4 left in syringe
needles or cannula tended to clog these small-diameter (20-gauge) tubes with TiO2.
Commercial cleaners for syringe needles are available which inject solvent at high
pressures into the clogged needles to remove inner residue, but during the course
of experiments soaking the needles or cannula in denatured alcohol worked just as
well. For faster cleaning, I filled a syringe with alcohol and injected it into the clogged
tube with a smaller diameter needle. Because much time was wasted cleaning needles,
larger diameter needles were recommended although not tried.
For personal protection, acid-resistant covering is highly recommended. Whenever
handling TiCl4, the experimenter should wear a disposable lab coat, full-size goggles,
and disposable rubber gloves. The potential hazards of handling TiCl4 should not be
underestimated.
3.2.2 Particle Size Distribution of Aerosol
Figure 3-2 reprinted from Freymuth, et. al. [13] shows a particle size distribution of a
TiO2 aerosol. Notice the aerosol is polydisperse with most particles falling in the .5pm
range (From section A.4, aerodynamic diameter is approximately twice the geometric
diameter for TiO2). This size distribution is of the bulk concentration, n., not of
the concentration deposited on the wall. This graph is also not generally the case;
however, lacking a particle size distribution of the concentrations used, this particle
TSt AERODYNAMIC PARTICLE SIZER
SAMPLE TIME: 20 SEC
NUMBER CONC US PARTICLE SIZE
4
2
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u. .. gu 1 * s..;
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Figure 3-2: Particle Size Distribution for TiO2 Aerosol.
size distribution has been substituted. Of course, the size distribution will probably
depend on local atmospheric conditions and the injection system used. Figure 3-2
merely confirms the possibility of obtaining ultrafine aerosols from TiO2.
3.2.3 Injection Technique
Rubber septa were fitted to the bottle of TiC14 and the 10mL buret to allow air-
proof access via syringe needles and cannula (double-tipped syringe needles) which
kept out water vapor. Then pressurized inert gases such as nitrogen could be pumped
in through a syringe needle to force the TiCl4 liquid to move from vessel to vessel,
again under air-tight conditions.
Before any TiCl4 was transported, nitrogen gas at five to ten psi purged the
entire system of atmospheric air. The nitrogen entered the bottle of TiC14, continued
through to the buret, and then exited out of a gas bubbler. The gas bubbler was a
piece of glass hardware that allowed gas under pressure to bubble out through a dense
liquid such as mercury or mineral oil but prevented atmospheric air from entering
(see figure 3-4 reproduced from an Aldrich Chemical catalog) [1]. See figure 3-3 for a
schematic diagram of the system in purge mode.
After purging for five to ten minutes, I started filling the buret with TiCl4 liquid
(see figure 3-5. This was done by inserting the TiC14 end of the cannula into the
Nitrogen Flows Through Cannula
due to Pressure Gradient
Air
Exil
Rubber Septum
I Nitrogei
ringe Nee lie
Figure 3-3: Configuration to Purge Aerosol Seeding System.
-
Figure 3-4: Typical Gas Bubbler.
liquid. The pressure from the nitrogen gas forced the liquid up the cannula and into
the buret. After filling up the buret, the TiCl4 end of the cannula was withdrawn
from the liquid returning the system to the purge mode.
Aerosol could now be created by opening the buret stopcock. The TiCl4 was
dripped into the top of the tunnel through a hole approximately 2mm in diameter
where it formed the TiO2 aerosol with the passing air within a few seconds. To
contain the aerosol, plasticene filled in the gaps between the hole and the buret. See
figure 3-6 for a schematic diagram of the system in the injection mode.
3.3 Transmission Electron Microscopy (TEM)
Transmission electron microscopy was employed because of its highly localized mea-
surements and its ability to resolve ultrafine particle sizes with high contrast. Upon
consultation with an experienced electron microscopist [151, I selected 200 mesh
tabbed grids with a thin Formvar film covered with a light layer of carbon produced
by Ted Pella, Inc. The Formvar coating prevented particles from falling through the
grids, and the carbon provided excellent electrical conducting properties to eliminate
electrical charging effects on deposition. The tabs on the grids also provided conve-
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Figure 3-5: Configuration to Fill Buret with TiCl 4.
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Figure 3-6: Configuration to Inject Aerosol into Wind Tunnel.
A
Maximum Accelerating Voltage 200kV
Maximum Magnification 330,000
Point-to-point Resolution 4.5 A
Table 3.2: JEOL 200 TEM Specifications.
nient locations to adhere the grid flush with the channel wall. According to a data
sheet provided by Ted Pella, Inc. [16], the thickness of the Formvar film alone ranged
from 35 to 70nm. The thickness of the copper rim of the grid was - 15p0m [16], below
the estimated diffusive layer of 128pm in section A.1. However, estimated diffusive
layers became as thin as the grid when the particle diameter approached 1pam. This
effect should be considered when analyzing the mass transfer.
A colloidal graphite water base paint, also from Ted Pella, Inc., adhered the grid to
the channel wall. The tab was placed downstream of the grid to minimize disruption
to the local flow field. Besides adhering the grid, a thin line of the paint was drawn
to the side of the tunnel test section to a ground in order to conduct static electric
charge off the grids. Once again this prevented deposition due to electric charge
attraction. For reference, the average flake size according to Ted Pella [17] was 1pm,
much thinner than the estimated diffusive layer of 128,pm(see section A.1).
The TEM employed was a JEOL 200 (Japanese Electronics Corporation) main-
tained by the MIT Center of Material Science and Engineering. In table 3.2, signifi-
cant specifications of the TEM are given[6].
For image analysis of the TEM photographs of deposition, two systems were used:
PC-Image by Foster Findlay Associates coupled to a CCD camera and Image 1.47
by the National Institute of Health coupled to a 16-gray level scanner. The first one
was employed for the bulk of the data which were taken during the summer of 1992.
I used the second system for the last set of data because of its easy use and easy
access, i.e. cheaper access.
The first system read the photographs into the computer using a CCD camera.
The camera was trained on the negatives which were placed on a light table to enhance
contrast. Then the camera read created a digitial image for the computer. The PC-
Image program by Foster Findlay Associates ran on a DOS machine with Microsoft
Windows. Unfortunately, the manual was poorly-written at best, and the setup cost
$30/hour to use.
The second system was discovered after the bulk of the data were taken. Image
1.47 published by the National Institute of Health was found installed in the Macin-
tosh Computer Cluster at MIT. This program could also be copied to other Macintosh
computers because it was in the public domain. It is easily obtained via anonymous
file transfer protocol (ftp) from "zippy.nimh.nih.gov". An Apple Scanner using the
accompanying software, Apple Scan version 1.0.2, was located in the CADLAB of the
Martin Design Center, a part of the department of Mechanical Engineering at MIT.
The authors of Image 1.47 recommended a Macintosh with 8MB memory or more
to work with 3D images, 24-bit color or animation sequences. The program also
required a monitor with the ability to display 256 colors or shades of gray. To take
advantage of the 256 gray levels on the monitor a scanner with the ability to scan 256
shades of gray would be preferable. The main steps of the image analysis procedure
were to obtain the most accurate representations of the deposition, i.e. the photos,
and then count all the particles on the photo.
Chapter 4
Procedure
4.1 Obtaining a Deposition Sample
Prior to a test run, the top of the test section was removed to clean the inside tunnel
walls of previous deposition and dirt with denatured alcohol. After cleaning, I affixed
the TEM grids to the bottom tunnel wall taking care not to damage the grids and to
keep them flush with the wall. The top was replaced, and a visual inspection of the
entire apparatus ensured no aerosol escaped into the laboratory. Immediately before
injection, the initial level of the buret was recorded, and a stopwatch was readied.
Injection was then started by opening the stopcock on the buret while simultane-
ously starting the stopwatch. During each test run, I injected enough TiCl4 to form
approximately 10g of TiO2(calculated from stoichiometry). The timer was stopped
when smoke had been observed to cease exiting from the test section. Generally, this
occurred in about fifteen minutes. Even though visible smoke may have ceased, I left
the compressor on for an extra five minutes to ensure complete reaction of the TiCl4.
4.2 TEM procedure
The TEM procedure gave us several photographs of the deposition on each grid.
Starting and calibrating the electron microscope occupied the majority of the time;
however, this part of the procedure partly determined the contrast of the images
obtained. After performing the startup procedure, I moved to the center of the
grid at 20,000 magnification. Then I took five photographs of this area. After each
photograph, I moved the grid in one direction until the microscope was trained on a
new area of the grid. So, for each grid, I went to the approximate center of the grid,
traversed the grid in one direction and took five different photographs. This averaged
out any local deposition variations and avoided deposition abnormalities at the rim
of the grid. After using the TEM, I unloaded the exposed negatives from the TEM
and developed them. Contact prints were made from these negatives which were fed
to an image analysis program to count and size particles.
4.3 Image Analysis
4.3.1 Scanning the Photos
To enable the computer to "see" my photos, I scanned them into a Macintosh com-
puter using the Apple Scanner. The maximum resolution I used was 200 dots per inch
(dpi) because scans at higher resolutions exceeded the memory capacity of the com-
puters available. Most scans were 400-500 KB in size. The contrast and brightness
levels of the graylevel scans were manipulated to obtain images which resolved the
smallest particles noticeable to the naked eye on the photographs. Scans were saved
in TIFF format because that was the recommended format for the image analysis
program.
4.3.2 Image 1.47
The image analysis program enhanced the photographs, created black-and-white bi-
nary images, and measured the area of each particle. Enhancement was the most
manual task and required interpretation of the photograph. Depending on how the
photograph was enhanced, the continuum of gray was divided, and all pixels are
switched to either black or white. With this binary image, the computer could easily
measure the black particles on the white background.
Frequently, the particle's gray level matched the background's, so many particles
had to be made darker or blacker against the gray background. This was accomplished
by outlining the lighter particles with a mouse and then filling in the outlined particle
with black. On the other hand, black objects determined not to be TiO2 particles
were erased, i.e. made white. To determine which particles needed to be accentuated,
each scanned image was compared to the original photo which showed better contrast.
After all particles to be measured were converted to black particles, the image was
thresholded. This meant that a gray level was chosen at which every pixel darker than
this level was changed to black and every pixel lighter than this level was changed to
white. The proper threshold level was when all the particles were black and everything
else was white. With the proper level set, I created a binary which established the
image as a simple black-and-white image.
To enable the computer to measure the particles with the real units of the photo-
graph, the program had to have a length scale set. To do this, I drew a line between
two points on the image. The corresponding distance on the photograph was then
measured with a micrometer. The length of the line in pixels was assigned the real
units from the micrometer. By setting the scale, the program could calculate the area
of each in particle in square microns.
The final step for the program was to count and size each particle. The results were
displayed in a separate window and from there saved on disk or sent to a printer. They
were saved in tabular form on disk enabling retrieval using a spreadsheet program
like Ezcel for further numerical analysis or by a text editor such as Teach Tezt for
obtaining just printouts.
The results were loaded into Ezcel because they were in the form of an area and
needed further data handling. To convert to a diameter, I chose to calculate the
diameter of the circle of equal area. Therefore, dp = (4/r)Area. Notice that 4
is the geometric diameter, not the aerodynamic diameter defined in Appendix A.4.
Therefore, particle diameters tabulated in the results were the geometric diameters.
The spreadsheet also sorted the particles by diameter which made counting easier.
4.3.3 PC-Image
The procedure for this program was very similar to that of Image 1.47. The major
difference was that contact prints of the negatives were unnecessary. This was due
to the CCD-camera and the light table which read the negative. However, further
analysis which was done on Excel in the previous case had to be done manually.
Chapter 5
Results
5.1 Summer 1992
Preliminary measurements were taken in the summer of 1992 to complete the grant
proposal to NIH. The work done during this period was performed by Kurt Roth and
myself. Our results also did not vary significantly from test to test demonstrating
repeatability of our experimental methods. They also showed that there was greatly
enhanced deposition in secondary flow. There were two minor faults, though. An
expansion section before the test section caused the flow to stall, and our control
over the injection was less than satisfactory. A test was also run without any aerosol
injection to measure background noise.
5.1.1 No Step
259 particles of all sizes deposited at this location. The total number of particles
that deposited here was much lower than at the other locations. The particle size
distribution had its peak from .15 to .35pm. Around this peak, particles less than
.15,m deposited more than particles greater than .15pm. The deposition rapidly
vanished when approaching d, = l1pm.
Figure 5-1: Total Deposition Count- Summer 1992 (Kurt Roth & Michael Feng).
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Figure 5-2: Size Distribution of Deposited Aerosol at Several Locations- Summer
1992 (Kurt Roth & Michael Feng).
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5.1.2 x/h = 3
This location contained the highest total number of particles deposited. 1254 particles
of all sizes deposited here. This deposition count was almost five times greater than
for the case with no step. The particle size bin with the largest number of particles
was from .02 to .04pm. There was a steady drop in deposition with increasing particle
diameter until dp reached about .35pm. At this particle diameter there was a slight
increase in deposition. The deposition of particles with diameters larger than .35pm
rapidly vanished after this.
5.1.3 x/h = 6
The number of particles regardless of diameter deposited was 1201. This result was
only four percent off of the total deposition for x/h = 3. The particle size bin with
the largest number of particles was from .02 to .04pm. This location showed a minor
peak, too. In this case it was around .15 to .35,pm in diameter. At particle diameters
greater than at the peak, deposition vanished.
5.1.4 x/h = 9
The total number of particles dropped significantly from the x/h = 6 case. 780
particles of all sizes landed at this location. This was only 62 percent of the x/h =
3 case. Particles from .02 to .04.pm again comprised the majority of the particles,
in this case 183 out of 780. There was also the steady decline to dp = .35/pm when
there was a sudden surge in deposition and then a rapid decline in deposition with
increasing particle diameter.
5.1.5 Background Noise
A test run was performed to determine the background noise of our deposition mea-
surements. This was done by simply turning on the compressor, and allowing normal
laboratory air to pass through the test section with grids mounted inside. Upon ex-
amination of the grids, no dust particles could be found, so it was concluded that the
background noise was effectively zero.
5.2 Spring 1993
The purpose of running this test was to test some solutions to the problems encoun-
tered during the summer of the previous year. The expander was elongated to prevent
stall of the flow, and the injection system documented in the apparatus section was
used to overcome the unreliability and uncertainties of the previous system.
5.2.1 No Step
This case contained the most particles regardless of particle diameter, 430. It had
its peak at the lowest particle diameter bin which was from .03 to .04pm. This, too,
exhibited a minor peak at particle diameters between .1 and .21pm.
5.2.2 x/h = 3
Within the secondary flow, this position had the highest total number of particles
deposited which was 240 particles. Particles between .01 and .04tpm constituted the
majority of the total deposition at this location. The minor peak occurred in the .20
to .25pm particle diameter bin.
5.2.3 x/h = 6
A significant drop from the x/h = 3 case happened in the total number of parti-
cles deposited. Only 154 particles deposited at this location, a 35 percent reduction.
Particles with diameters between .03 and .04pm occupied the majority of the deposi-
tion. Again, a minor peak or increase in deposition with increasing particle diameter
occurred when dp = .3 to .4pm.
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Figure 5-3: Total Deposition Count- Spring 1993.
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Figure 5-4: Size Distribution (no step)- Spring 1993.
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Figure 5-5: Size Distribution (x/h=3)- Spring 1993.
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Figure 5-6: Size Distribution (x/h=6)- Spring 1993.
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5.2.4 x/h = 9
127 particles in total deposited in this case. This was only a 17 percent reduction
from the x/h = 6 case. Particles in the diameter bins of .04 to .05pgm and .05 to
.06pm made up the majority of the deposition. The minor peak occurred shortly
after at dp .1pjm.
It should also be noted that large amounts of foreign particulates deposited on
this grid. Particles were determined as foreign by a square or rectangular shape with
a length -, 1nm. These foreign particles also landed on other grids but not nearly to
the extent that they did in this case.
5.3 Comparison Between 1992 and 1993
There were several striking differences between the measurements made during the
summer of 1992 and those done during the spring of 1993. Very few particles on the
order of one micron were detected in the latter test. On the contrary many more
small particles were detected in 1993 than in 1992. One very disturbing result is that
there were twice as many particles for the case with no step than any of the cases
with a step upstream in 1993.
However, the shapes of the total deposition curves between 1992 and 1993 were
similar for the cases behind the step. A trend for a major peak in deposition followed
by a minor peak in deposition with increasing particle diameter was also shared
between the two bodies of tests.
Both injector systems also deposited aerosol right beneath the injection port. This
was very obvious because a visible mound of TiO2 grew underneath the hose or buret.
These particles must have been larger particles that deposited by gravitational force.
Some aerosol also deposited via inertial impaction when the flow was compressed
before the test section. Again this deposition was highly visible.
Figure 5-7: Size Distribution (x/h=9)- Spring 1993.
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Figure 5-8: Size Distribution (All Cases)- Spring 1993.
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Range of dp d, Schmidt Number Stokes Number 6
[Atm] in calculation Sc Stk [Am]
.02-.04 .03 2261 3.10e-06 56.38
.05-.07 .06 8021 1.24e-05 41.08
.08-.10 .09 16196 2.79e-05 34.46
.11-2.0 .15 37266 7.76e-05 27.98
.21-.50 .35 127322 4.22e-04 20.58
.50-1.00 .75 317734 1.94e-03 16.38
1.00+ 1.0 420046 3.45e-03 15.27
Table 5.1: Theoretically Determined Parameters of Deposition- Summer 1992.
5.4 The Influence of Secondary Flows on Depo-
sition
5.5 Uncertainty Analysis
To obtain an estimate of the uncertainty, a Gaussian distribution was assumed for
each particle range; however, a Poisson distribution possibly was more appropriate.
For each particle range and grid location, the average number of particles detected
was calculated. Using Student's T distribution, an interval that contained the true
mean with a confidence of 95 percent was calculated. The uncertainty analysis was
performed solely on the data from the spring of 1993. Judging from experience with
the injection system, uncertainty for the 1992 data will be high.
Range of dp dp Schmidt Number Stokes Number 6
[ILm] in calculation Sc Stk [,am]
.001-.005 .003 24.54 2.23e-08 232.35
.005-.010 .0075 156 1.39e-07 147.73
.010-.020 .015 604 5.57e-07 105.37
.020-.030 .025 1605 1.55e-06 82.53
.030-.040 .035 3014 3.03e-06 70.49
.040-.050 .045 4783 5.01e-06 62.81
.050-.060 .055 6870 7.49e-06 57.37
.060-.070 .065 9238 1.05e-05 53.28
.070-.080 .075 11856 1.39e-05 50.06
.080-.090 .085 14699 1.79e-05 47.44
.090-.100 .095 17742 2.23e-05 45.26
.100-.130 .115 24350 3.27e-05 41.81
.130-.160 .145 35332 5.21e-05 38.10
.160-.200 .180 49377 8.02e-05 35.04
.200-.250 .225 68819 1.25e-04 32.25
.250-.300 .275 91651 1.87e-04 30.02
.300-.400 .350 127321 3.03e-04 27.65
.400-.500 .450 175993 5.01e-04 25.50
.500-1.000 .750 317734 1.39e-03 22.00
Table 5.2: Theoretically Determined Parameters of Deposition- Spring 1993.
Range of d, [,pm] Ratio for x/h = 3 Ratio for x/h = 6 Ratio for x/h = 9
.02-.04 7.76 13.0 5.55
.05-.07 7.56 6.25 4.94
.08-.10 8.33 5.13 5.83
.11-2.0 3.96 2.46 1.80
.21-.50 3.14 2.85 1.85
.50-1.00 1.63 2.5 1.17
1.00+ 3.5 3.5 3.5
Table 5.3: 9m/9mg,,,,,: Ratio of Mass Transfer Coefficients- Summer 1992.
Range of dp [tim] Ratio for x/h = 3 Ratio for x/h = 6 Ratio for x/h = 9
.001-.005 0 0 0
.005-.010 1.75 .125 0
.010-.020 1.03 .15 .05
.020-.030 .426 .287 .032
.030-.040 .291 .388 .0583
.040-.050 .487 .385 .308
.050-.060 1.71 1 1.07
.060-.070 0.6 0.4 0.6
.070-.080 .364 .182 1.18
.080-.090 .727 .182 .545
.090-.100 0 .222 1
.100-.130 0.4 0.3 0.5
.130-.160 .444 .389 .389
.160-.200 .222 .167 0.5
.200-.250 1.3 0.5 0.8
.250-.300 .375 .75 .375
.300-.400 2.25 2 1.5
.400-.500 0.75 0.75 1.25
.500-1.000 3 1 4
Table 5.4: g99mg,,. ,,,: Ratio of Mass Transfer Coefficients- Spring 1993.
Range of dp [pm]
.001-.005
.005-.010
.010-.020
.020-.030
.030-.040
.040-.050
.050-.060
.060-.070
.070-.080
.080-.090
.090-.100
.100-.130
.130-.160
.160-.200
.200-.250
.250-.300
.300-.400
.400-.500
.500-1.000
no step x/h = 3 x/h = 6 x/h = 9
.5 ± 1.591 0 0 0 0 0 ± 0
1.5 ± 2.756 2.75 ± 6.671 0.2 ± 0.555 0 ± 0
8 ± 1.837 8.25 ± 4.184 1.2 ± 2.040 0.4 ± 1.110
18.5 ± 14.319 8 ± 4.108 5.4 ± 5.012 0.6 ± 1.666
20.5 ± 22.065 6 ± 6.750 8 ± 4.888 1.2 ± 2.691
7.75 ± 5.257 3.75 ± 2.717 3 ± 2.483 2.4 ± 3.577
2.75 ± 2.717 4.75 ± 4.184 2.8 ± 2.040 3 ± 4.210
3 ± 5.257 1.75 ± .795 1.2 ± 1.360 1.8 ± 2.691
2.25 ± 2.717 0.75 ± .795 0.4 ± .680 2.6 ± 1.883
2.25 ± 3.528 1.5 ± 2.054 0.4 ± .680 1.2 ± .555
1.75 ± 3.759 0 ± 0 0.4 ± .680 1.8 ± 1.039
4 ± 5.662 1.5 ± 2.054 1.2 ± 1.619 2 ± .878
3.5 ± 2.756 1.5 ± .919 1.4 ± .666 1.4 ± 1.415
3.5 ± 3.787 0.75 ± 2.386 0.6 ± .680 1.8 ± 1.360
2 ± 1.299 2.5 ± .919 1 ± 1.241 1.6 ± .680
1.5 ± 1.299 0.5 ± .919 1.2 ± .555 0.6 ± 1.110
0.75 ± 1.523 1.75 ± .795 1.6 ± .680 1.2 ± 1.360
0.75 ± 1.523 0.5 ± .919 0.6 ± 1.110 1 ± 1.241
0.25 ± .795 0.5 ± .919 0.2 ± .555 0.6 ± .680
Table 5.5: 95 % Confidence Interval for the Mean Number Expected in Each Particle
Range.
Chapter 6
Discussion
6.1 Conclusion
From the data taken in 1992, the effect of secondary flows on deposition was sub-
stantial. The mass transfer coefficient could be raised almost thirteen times that of
the no step case when x/h = 6 and 0.2 < dp < 0.4gm. The other mass transfer co-
efficients were all equal to or greater than the corresponding case with no step. The
total number of particles deposited was almost five times greater for x/h = 3 than
for the no step case. The deposition mechanisms present in secondary flows definitely
enhanced the deposition, particularly that of the ultrafine aerosols.
The enhancement in deposition became greater as the particle diameter shrank.
All cases behind the step had their peak deposition at the lowest particle diameter
measured. Therefore, the deposition mechanisms present in secondary flows affected
ultrafine aerosols significantly. The particles were probably driven closer to the wall
by the vortex causing a higher concentration gradient to drive mass transfer.
There were two possible explanations for the deposition being higher at x/h =
6 than at x/h = 3. First, the flow field at x/h = 3 was hypothesized to be where
the main vortex joined the corner vortex as described by Faramarzi and Logan(see
Figure 2-3). Here the flow encounters a sharp change in direction creating inertial
compounding effects on the diffusive deposition. The other theory was that if the x/h
= 3 location was still within the main vortex then there would be more time for the
aerosol to diffuse to the wall.
The theory that inertia enhanced the deposition of was borne out by the two sets
of data. At the reattachment point, x/h = 9, small particles did not deposit as highly
as before the reattachment point. The diffusive boundary layer is still quite large due
to the separation of the flow, so the mass transfer is lower.
Frequently, there was a minor peak in the particle size distributions after the
major peak in deposition. These could be due to the particle size distribution of the
bulk concentration. In other words, if there were more particles of a certain particle
size then the likelihood of encountering them in deposition photographs is higher.
The deposition mechanisms present in the secondary flows might also have a lesser
effect on the particle sizes between the peaks. For example, the particle sizes that
did not deposit in large amounts might have been too large for Brownian diffusion to
act and too small for inertia to impact them against the wall.
The mass transfer coefficients determined from the 1993 data was not very reliable
because of the small size of the sample. More questions arose when examining the
data. Nearly twice as many particles landed at the location before the step than at
any location behind the step. Consequently, many mass transfer coefficient ratios were
less than unity. Obviously, more tests should be run to see if this new phenomena
remains. If these measurements were valid, then the mass transfer coefficients are
actually lower in the secondary flow than before the step.
If the deposition was lower in the secondary flow than upstream then the separa-
tion of the diffusive boundary layer from the wall could be important. The flow field
and aerosol seeding was more uniform and controlled in 1993 than in 1992. So, these
results might be more valid than those obtained in 1992.
However, the shape of the total deposition curve for the cases behind the step was
similar to that of 1992. With regards to the deposition within the secondary flow,
much of the same phenomena from the 1992 data occurred. The minor peak following
the major peak in the particle size distribution also could be found in the 1993 data.
The procedure developed was successful in creating and measuring the deposition
of ultrafine aerosol The TEM photos verified that the particles were "ultrafine". These
photos also provided excellent spatial resolution and highly localized measurements
compared to other aerosol measurement techniques. The image analysis procedure
counted and sized particles in a highly automated fashion. The major drawback to
the system was the price in time and equipment.
6.2 Errors
6.2.1 Foreign Particles
The source of the foreign particulates detected in 1993 remains a mystery. They
appear to be of a crystalline structure with a low density. However, there are a
few plausible hypotheses. The ambient air might have been contaminated by other
experiments taking place in the laboratory. Black RTV also might have entered the
flow since the HCI in the buret corroded RTV that coated the rubber septum. This
RTV jammed the buret, so RTV might have come out of the buret.
Sometimes distinguishing between the foreign particles and actual TiOz particles
became difficult. This could have drastically affected the particle counts I got for the
x/h = 9 case. The error would be that too few smaller particles were counted.
6.2.2 Variance in Particle Size Distributions
There were two changes in the apparatus which were the likely causes of variance
in the particle size distributions. The humidity was probably much lower in 1993
than in 1992. The test run in 1993 was on March 31st, still part of the cold winter
that occurred in Boston. On the other hand, the measurements from 1992 were
done during the middle of summer when the humidity level is usually high. Less
humidity implies less than a complete reaction between the TiCl4 and the water
vapour of air. Unfortunately, no measurements of the humidity level were taken.
There was also the expansion that had stall. Visible deposition on the sides occurred
presumably due to the secondary flow induced the separation of the flow from the
sides. If there was a tendency for this secondary flow to deposit ultrafine aerosols then
the bulk concentration entering the test section would contain less ultrafine aerosols.
The variance in the particle size distributions most likely came from changes in the
apparatus.
6.2.3 Illegitimate Errors
Non-flush Grids
The airstream might have blown the grids off of its flush mounting against the tunnel.
This could have created abnormal flow fields around the grids affecting deposition.
On one occasion, a grid drastically moved away from the wall with a visible white
ring of TiO2 around the grid. This test was not used in the final results.
Marred Photographs
During the development process, several negatives were marred rendering them use-
less. This problem entailed normalization of particle counts which caused uncertainty
in the results.
Injection System of 1992
This injection system had a very high uncertainty in the total amount of TiCl4
injected. Measuring this quantity consisted of watching the liquid flow from one point
to another in the hose and timing it. Then the distance was divided by the time to
obtain a velocity. This method assumed a constant velocity which was not always
true and a constant cross-sectional area of the hose. The velocity did not remain
constant because as the TiO2 clogged the end of the tube the velocity decreased. The
high uncertainties in total mass injected amplified the uncertainties in particle counts
that had to be normalized to a specified total mass injection.
6.3 Recommendations for Procedure
Tighter control of the testing conditions needs to be exercised. The noticeable differ-
ences between the results of 1992 and 1993 demonstrate a need to ameliorate changes
in the atmospheric air. A clean room which has a specified amount of particulates
in the air is highly desirable in maintaining low background noise in measurements.
Humidifying the air ensures as complete a reaction as possible. Keeping the humidity
level constant at least will be beneficial.
To eliminate one of the degrees of freedom, switch to a monodisperse aerosol.
Then all particles can be assumed to be the same. Monodisperse aerosol generators
are available on the market. A monodisperse aerosol can also be generated by filtering
a polydisperse aerosol. This method will inevitably have other particle sizes, but most
of the particles should be the same.
Tests should also be run at different locations. Running a test at x/h = 12 or 15
can elucidate the deposition occurring after reattachment. Running a test with three
or more grids at the same distance along the length of the test section will check for
any deposition bias along the width of the test section. A test should also have been
run with no aerosol injected to test for background noise again.
To measure actual mass transfer coefficients, measuring the bulk concentration
is necessary. To this end, a particle counter should be obtained. A constant bulk
concentration is also necessary since real-time measurements with the TEM are im-
possible. A constant bulk concentration might be obtained by building a settling
section where the aerosol can be mixed to the right concentration before injection.
The image analysis program, Image 1.47, recommends grayscale pictures with 256
levels of gray. Therefore, a 256 gray level scanner should be used to scan the photos
rather than the 16 gray level scanner employed in this thesis. Because 256 gray level
scans occupy much more computer memory, powerful computers with large internal
memories should be used, e.g. a Quadra. Powerful computers help process large
quantities of data faster, too.
6.4 Recommendations for Further Study
Once the aforementioned difficulties have been solved, development of the model of
ultrafine aerosol behaviour in the lung will continue. It has been proposed to build
a wedge in the flow to simulate a bifurcation or bend the channel to simulate curved
flows. The ultrafine aerosol technique developed here can be employed in many other
situations such as deposition due to thermophoresis or deposition in laminar flow.
Appendix A
Calculations
A.1 Estimate of Diffusive Boundary Layer
An estimate for the diffusive boundary layer was done using equation 2.6. First, I
calculated 7) to find the Schmidt number, Sc.
1. 2=C krT
where kg is Boltzmann's constant.
2. 7) = 24.3[ (1.ssos5xo- 2 3J/K)(293K)(1.83x10 - 5 kg/m-e)3wr(.O1 X10-6m)
3. ) = 5.70 x 10- 8 m2/8
Assuming Red, is 3568 and plugging into equation 2.6, 6 = 28.5(0.34sm)x('.O-.)t"
After algebra == 6 = 128.um.
A.2 Calculation of Stokes Number
Stokes number, Stk, is equal to r/tau1 fl,.
p18d2
18pc,
(A.1)
(A.2)Tflotw ' TKolmogorov
Equation A.2 only applies for the mean turbulence of the channel flow, not for any
secondary flows. The following derivation of rKolmogro,, was done by Colmenares[2]:
1.Vt
2. e = LU 3(f/8)3/2
3. -U(.316/8) (Re-/4)3/2
34. = 0.0314U Re
5. Tr = (0.0314)-1/2( )1/ Re' 3/16
6. rf = 5.64(-)Re-;/16
A.3 Hydraulic Diameter
* height of channel = 6 inches
* width of channel = 1/2 inch
1. d - 4x ro-sectional area _4hw
S wetted perimeter 2(h+w)
2. d 4(6)(1/2)
2(6+1/2)
3. dh = 12/13 inches
4. dh = .0234m
== Dh = .0234m.
A.4 Aerodynamic Diameter Conversion
According to Hinds[8]:
(A.3)
18pu
Podaerodynamic9
18p
where Po is unit density, ie. lg/cm3 . Solving for dp, we get dp = (1pm)2 where
4.17g/cm 3 is the density of Ti0 2. So, d, 2 .491Lm, or the actual diameter equals 49
percent of the aerodynamic diameter.
-- dgeometric = dp - .49(daerodynamic).
A.5 Uncertainty Calculations
The average and standard were calculated for each particle size range. From the
number of photographs taken and the desired 95 % confidence level, the t-statistic
was looked up in a tarble.
No step x/h = 3
Bin Range Avg Standard Dev t-stat Bound Avg Standard Dev t-stat Bound
0.001 0.5 1 3.182 1.591 0 0 3.182 0.000
0.005 1.5 1.7320508 3.182 2.756 2.75 4.1932485 3.182 6.671
0.01 8 1.1547005 3.182 1.837 8.25 2.6299556 3.182 4.184
0.02 18.5 9 3.182 14.319 8 2.5819889 3.182 4.108
0.03 20.5 13.868429 3.182 22.065 6 4.2426407 3.182 6.750
0.04 7.75 3.3040379 3.182 5.257 3.75 1.7078251 3.182 2.717
0.05 2.75 1.7078251 3.182 2.717 4.75 2.6299556 3.182 4.184
0.06 3 2.7080128 3.182 4.308 1.75 0.5 3.182 0.795
0.07 2.25 1.7078251 3.182 2.717 0.75 0.5 3.182 0.795
0.08 2.25 2.2173558 3.182 3.528 1.5 1.2909944 3.182 2.054
0.09 1.75 2.3629078 3.182 3.759 0 0 3.182 0.000
0.1 4 3.5590261 3.182 5.662 1.5 1.2909944 3.182 2.054
0.13 3.5 1.7320508 3.182 2.756 1.5 0.57735027 3.182 0.919
0.16 3.5 2.3804761 3.182 3.787 0.75 1.5 3.182 2.386
0.2 2 0.81649658 3.182 1.299 2.5 0.57735027 3.182 0.919
0.25 1.5 1.9148542 3.182 3.047 0.5 0.57735027 3.182 0.919
0.3 0.75 0.95742711 3.182 1.523 1.75 0.5 3.182 0.795
0.4 0.75 0.95742711 3.182 1.523 0.5 0.57735027 3.182 0.919
0.5 0.25 0.5 3.182 0.795 0.5 0.57735027 3.182 0.919
95% Confidence Level
x/h= 6 x/h- 9
Bin Range Avg Standard Dev t-stat Bound Avg Standard Dev t-stat Bound
0.001 0 0 2.776 0.000 0 0 2.776 0.000
0.005 0.2 0.4472136 2.776 0.555 0 0 2.776 0.000
0.01 12 1.6431677 2.776 2.040 0.4A 0.89442719 2.776 1.110
0.02 5A 4.0373258 2.776 5.012 0.6 1.3416408 2.776 1.666
0.03 8 3.9370039 2.776 4.888 12 2.1679483 2.776 2.691
0.04 3 2 2.776 2.483 2.4 2.8809721 2.776 3.577
0.05 2.8 1.6431677 2.776 2.040 3 3391165 2.776 4.210
0.06 1.2 1.0954451 2.776 1.360 1.8 2.1679483 2.776 2.691
0.07 OA 0.54772256 2.776 0.680 2.6 1.5165751 2.776 1.883
0.08 0.4 0.54772256 2.776 0.680 1.2 0.4472136 2.776 0.555
0.09 0.4 0.54772256 2.776 0.680 1.8 0.83666003 2.776 1.039
0.1 1.2 1.3038405 2.776 1.619 2 0.70710678 2.776 0.878
0.13 1.4 1.3416408 2.776 1.666 1A 1.1401754 2.776 1.415
0.16 0.6 0.54772256 2.776 0.680 1.8 1.0954451 2.776 1360
0.2 1 1 2.776 1.241 1.6 0.54772256 2.776 0.680
0.25 1.2 0.4472136 2.776 0.555 0.6 0.89442719 2.776 1.110
03 1.6 0.54772256 2.776 0.680 1.2 1.0954451 2.776 1.360
0.4 0.6 0.89442719 2.776 1.110 1 1 2.776 1.241
0.5 0.2 0.4472136 2.776 0.555 0.6 054772256 2.776 0.680
Figure A-1: Uncertainty Calculations.
Appendix B
Raw Data
B.1 1992- Courtesy of Kurt Roth
This data was taken by Kurt Roth during the summer of 1992. Notice that the
number of photos examined for each case was not the same so that the count had to
be normalized as shown in figure B-5. The size of each particle and the total number
of particles were recorded for each diameter range.
B.2 1993
The data collected in 1993 starts on page 66. Table B.1 gives the corresponding
location in the test section for each photo number.
Table B.1: Corresponding Location in Test Section for Photo Number.
Location Photo Number
no step 1, 2, 4, 5
x/h = 3 12, 13, 14, 16
x/h = 6 11, 15, 17, 18, 19
x/h = 9 6, 7, 8, 9, 10
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Figure B-I: Particle Sizing and Counting- No Step, 1992.
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Figure B-2: Particle Sizing and Counting- x/h = 3, 1992.
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Figure B-3: Particle Sizing and Counting- x/h = 6, 1992.
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Figure B-4: Particle Sizing and Counting- x/h = 9, 1992.
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Figure B-5: Particle Sizing and Counting- Totals, 1992.
onebin.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00004067 0.01803861 0.00719784 0.00574478
0.00004067 0.01803861 0.00719784 0.00574478
0.00004067 0.01803861 0.00719784 0.00574478
0.00004067 0.01803861 0.00719784 0.00574478
0.00008135 0.03079383 0.01017991 0.00980695
.0.00008135 0.03079383 0.01017991 0.00980695
0.0001627 0.05630427 0.01439657 0.0179313
0.0001627 0.05630427 0.01439657 0.0179313
0.0001627 0.05630427 0.01439657 0.0179313
0.0001627 0.0360772//1 0.01439657 0.01148956
0.0001627 0.03607721 0.01439657 0.01148956
0.0001627 0.03607721 0.01439657 0.01148956
0.00020337 0.06905949 0.01609565 0.02199347
0.00032539 0.10732516 0.02036951 0.03417999
0.00048809 0.07215443 0.02493533 0.02297912
0.00048809 0.07215443 0.02493533 0.02297912
0.00056943 0.09766487 0.02693304 0.03110346
0.00061011 0.1966117 0.02787849 0.06261519
0.00065078 0.08490965 0.02879269 0.02704129
0.00065078 0.08490965 0.02879269 0.02704129
0.00065078 0.08490965 0.02879269 0.02704129
0.00065078 0.08490965 0.02879269 0.02704129
0.00065078 0.08490965 0.02879269 0.02704129
0.00065078 0.08490965 0.02879269 0.02704129
0.00073213 0.23487736 0.03053931 0.07480171
0.00081348 0.10140079 0.03219131 0.03229325
0.00081348 0.10294826 0.03219131 0.03278607
0.00081348 0.09766487 0.03219131 0.03110346
0.00081348 0.09766487 0.03219131 0.03110346
0.00081348 0.09766487 0.03219131 0.03110346
0.00085415 0.12317532 0.0329862 0.03922781
0.00085415 0.09766487 0.0329862 0.03110346
0.00085415 0.09766487 0.0329862 0.03110346
0.00085415 0.09766487 0.0329862 0.03110346
0.00085415 0.09766487 0.0329862 0.03110346
0.0009355 0.11042009 0.03452129 0.03516563
0.00097617 0.11943939 0.0352637 0.03803802
0.00097617 0.11042009 0.0352637 0.03516563
0.00097617 0.11042009 0.0352637 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
0.00105752 0.11042009 0.03670367 0.03516563
/,
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onebin.tiff(Measurements)
0.00113887 0.11943939 0.03808923 0.03803802
0.00117954 0.12208109 0.03876337 0.03887933
0.00126089 0.12317532 0.04007779 0.0392278t"
0.00126089 0.12317532 0.04007779 0.03922781
0.00130157 0.13593054 0.04071917 0.04328998
0.00130157 0.13593054 0.04071917 0.04328998
0.00130157 0.12317532 0.04071917 0.03922781
0.00138291 0.12845869 0.04197224 0.04091041
0.00138291 0.13593054 0.04197224 0.04328998
0.00146426 0.14230815 0.04318911 0.04532107
0.00162696 0.14868575 0.04552538 0.04735215
0.00178965 0.14649731 0.04774734 0.04665519
0.00223707 0.16672437 0.05338324 0.05309693
0.00227774 0.17464945 0.05386631 0.05562084
0.00227774 0.19642396 0.05386631 0.0625554
0.00248111 0.17574367 0.05621966 0.05596932
0.00272515 0.86252493 0.05891968 0.27468947
0.00300987 0.20763172 0.06192115 0.06612475
0.00313189 0.20917919 0.06316383 0.06661758
0.00345728 0.21400933 0.06636398 0.06815584
0.00361998 0.23250118 0.06790758 0.07404496
0.00361998 0.21819849 0.06790758 0.06948996
0.00366065 0.22193441 0.06828798 0.07067975
0.00382335 0.21929272 0.06978904 0.06983845
0.00394537 0.26812515 0.07089393 0.08539018
0.00414874 0.24525639 0.07269814 0.07810713
0.00418941 0.23204793 0.0730536 0.07390061
0.00459615 0.24635063 0.07651776 0.07845561
0.00553165 0.27031359 0.08394455 0.08608713
0.00662985 0.3052966 0.09t90032 0.09722822 • )
0.00667052 0.29737151 0.09218176 0.0947043
0.00723996 0.32442942 0.09603582 0.10332147
0.00740265 0.31959927 0.09710884 0.10178321
0.00756535 0.3233352 0.0981702 0.10297299
0.00837883 0.33609042 0.10331345 0.10703517
0.01399183 0.4418681 0.13350651 0.14072232
0.01598485 0.50809819 0.14269852 0.16181471
0.01785585 0.50281477 0.15081878 0.16013209
0.01895405 0.51028663 0.15538754 0.16251167
0.02115044 0.59957319 0.16414395 0.19094688
0.02143515 0.54791129 0.16524504 0.17449404
0.02265537 0.55602413 0.16988332 0.17707775
0.02359087 0.59674376 0.17335531 0.19004578
0.02477042 0.58617699 0.17763636 0.18668057 .
0.04628692 0.80018628 0.24282551 0.25483639
0.0469377 0.80392224 0.24452658 0.25602619
onebin.tiff(Measurements)
0.11559527
0.232939531
1.28915167
1.801173451
0.38373835 0.41055786 .
0.544736871 0.57362212.L
'ff
~tc/·~;
Area Perimeter Length Diameter(A) Diameter(P)
0.000157761 0.04043139 0.01417273 0.012869711
0.00019282i 0.05227347 0.015668633 0.016639162
0.000210351 0.04880501 0.016365388 0.015535117
0.000210351 0.04880501 0.016365388 0.015535117
0.00028047 0.06238132 0.018897235 0.019856591
0.00028047 0.05574194 0.018897235 0.017743211
0.00028047 0.05574194 0.018897235 0.017743211 Photo
0.00033306 0.06166298 0.020592843 0.019627936 Number
0.00036812 0.06411555 0.021649594 0.020408613 Two
0.00036812 0.06411555 0.021649594 0.020408613
0.00036812 0.06411555 0.021649594 0.020408613
0.00040318 0.07422341 0.022657112 0.023626045
0.00045576 0.07248917 0.024089244 0.023074019
0.00045576 0.07248917 0.024089244 0.023074019
0.00045576 0.07494175 0.024089244 0.0238547
0.00047329 0.07841021 0.024548147 0.024958745
0.00047329 0.08504959 0.024548147 0.027072125
0.00049082 0.08014444 0.024998629 0.025510768
0.00049082 0.0794261 0.024998629 0.025282113
0.00054341 0.08086278 0.026303823 0.025739422
0.00056094 0.08086278 0.026724726 0.025739422
0.00057847 0.0996418 0.027139102 0.03171697
0.00057847 0.08779972 0.027139102 0.027947519
0.00057847 0.0892364 0.027139102 0.028404828
0.000596 0.0892364 0.027547246 0.028404828
0.000596 0.0892364 0.027547246 0.028404828
0.00061353 0.08678383 0.02794943 0.027624151
0.00063106 0.0944391 0.028345909 0.030060899
0.00066612 0.09372076 0.029122677 0.029832244
0.00070117 0.09761002 0.029879046 0.031070234
0.00073623 0.09617333 0.030616942 0.030612922
0.00084141 0.10454695 0.032730971 0.033278328
0.00084141 0.10454695 0.032730971 0.033278328
0.000894 0.10454695 0.033738348 0.033278328
0.0010167 0.11292057 0.035979197 0.035943734
0.0010167 0.11292057 0.035979197 0.035943734
0.0010167, 0.12057584 0.035979197 0.038380482
0.00105176 0.12302841 0.036594295 0.039161159
0.001069291 0.1240443 0.036897999 0.039484527
0.001069291 0.12129418 0.036897999 0.038609137
0.001121881 0.1240443 0.03779447 0.039484527
.~e~e
0.001227061 0.12649688 0.039526463 0.040265207
0.00133223 i  0.1348705 0.04118553 0.042930614
0.00152505 0.14988349 0.044065337 0.047709397
0.00154258i 0.14396246 0.044317873 0.045824674
0.001665291 0.15161772 0.046046857 0.048261419
0.00166529j 0.15652279 0.046046857 0.049822751
0.00178799 0.15580453 0.047713096 0.049594122
0.00226129 0.17356765 0.053657841 0.055248299
0.002383991 0.17775446 0.055094377 0.056581002
0.00264693 0.2184834 0.058053217 0.069545426
0.00303258 0.20317286 0.062138561 0.06467193
0.00529387 0.28619066 0.082099724 0.091097316
0.005486691 0.27709872 0.083581521 0.088203262
0.00620539 0.2931276 0.088887277 0.093305413
0.00622292 0.29659608 0.08901274 0.094409464
0.006293041 0.3217169 0.089512834 0. 10240567
0.00709939 0.31232741 0.095074834 0.099416902
0.00744998 0.32518539 0.097394092 0.10350972
0.01130644 0.40503228 0.11998253 0.12892578
0.01151679 0.43607417 0.12109349 0.13880672
0.01791501 0.49570537 0.15103013 0.15778792
0.03602283 0.71460956 0.21416277 0.22746729
0.074710131 0.04051328 0.30842-162 0.012895778
0.091065031 0.15977573 0.34051079 0.050858194
0.14328499 0.41911125 0.42712541 0.13340725
0.172559021 0.61492646 0.46873123 0.19573717
z
q3
LL
Area !Perimeter Length Diameter(A) Diameter(P)
1.861e-05 0.0048677498
1.861e-05 0.0048677498
3.721e-05 0.0068831129
9.303e-05 i 0.01088345
0.000111631 0.011921901
0.00013024 0.012877372
0.000148841 0.013766226 Photo
0.00016745 0.014601505 Number
0.00020466 0.016142528 Four
0.00026048 0.018211355
0.00029769 0.01946871 81 in total
0.00029769 0.01946871
0.0003163 0.020068026
0.00035351 0.021215629
0.00035351 0.021215629
0.00039072 0.022304263
0.00039072 0.022304263
0.00042793 0.023342181
0.00046514 0.024335872
0.00046514 0.024335872
0.00048375 0.02481793
0.00048375 0.02481793
0.00053956 0.026210477
0.00055817 0.026658659
0.00057677 0.027099195
0.00057677 0.027099195
0.00057677 0.027099195
0.00057677 0.027099195
0.00059538 0.027532914
0.00059538 0.027532914
0.00059538 0.027532914
0.00059538 0.027532914
0.00061398 0.027959678
0.00063259 0.02838025
0.0006698 0.029203011
0.0006698 0.029203011
0.0006698 0.029203011
0.0006698 0.029203011
0.00068841 0.029605926
0.00068841 0.029605926
0.00068841 0.029605926
0.00074422 0.03078263
0.00078143 0.03154279
0.00081865 0.032285253
0.00091167 0.034070138
0.00093028 0.11738198 0.03441612 0.037363845
0.00093028 0.03441612
0.00111634 0.037701038
0.00117215 0.038631952
0.00145124 0.042985767
0.00150705 0.043804516
0.00156287 0.044608384
0.00163729 0.045658103
0.0019908 0.050346453
0.00280944 0.05980878
0.00293968 0.061179382
S0.003516461
0.00446534
0.00461419
0.00807483
0.01036331
0.01092148
0.01224248
0.01428909
0.01655898
0.01657758
0.01767531
0.01877304
0.02145225
0.02439193
0.0246338
0.02478265
0.02584317
0.03242955
0.03581576
0.04750007
0.04984438
0.05514697
0.05864482
0.06973375
0.14904939 --i
0.20320085
0.21354635
0.24592472
0.2519203
0.2649817
0.27325611
0.29797276
0.43563239
0.066912599
0.075401906
0.076648348
0.10139622
0.11486939
0.11792226
0.12485035
0.13488304
0.14520175
0.14528328
0.15001634
0.15460458
0.16526903
0.17622931
0.1771009
0.17763516
0.1813961
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fivebin.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00006654 0.02307176 0.00920675 0.00734769
0.00013308 0.03938597 0.01302032 0.0125433
0.00013308 0.03938597 0.01302032 0.0125433
0.00019961 0.04614353 0.01594617 0.01469539
0.00026615 0.04614353 0.01841316 0.01469539
0.00026615 0.04614353 0.01841316 0.01469539
0.00026615 0.04614353 0.01841316 0.01469539
0.00026615 0.06245773 0.01841316 0.019891
0.00033269 0.06245773 0.02058662 0.019891
0.00033269 0.06245773 0.02058662 0.019891
0.00039923 0.06245773 0.02255157 0.019891
0.00059884 0.07877193 0.0276198 0.0250866
0.00059884 0.08552949 0.0276198 0.02723869
0.00059884 0.07877193 0.0276198 0.0250866
0.00059884 0.08552949 0.0276198 0.02723869
0.00059884 0.07877193 0.0276198 0.0250866
0.00066538 0.10044416 0.02911388 0.03198859
0.00066538 0.09228706 0.02911388 0.02939078
0.00066538 0.08552949 0.02911388 0.02723869
0.00073192 0.10184369 0.03053493 0.0324343
0.00073192 0.10184369 0.03053493 0.0324343
0.00073192 0.10184369 0.03053493 0.0324343
0.00073192 0.09030781 0.03053493 0.02876045
0.00073192 0.09706537 0.03053493 0.03091254
0.00079846 0.09508613 0.03189273 0.03028221
0.00079846 0.09508613 0.03189273 0.03028221
0.00079846 0.10184369 0.03189273 0.0324343
0.00079846 0.09228706 0.03189273 0.02939078
0.00079846 0.09508613 0.03189273 0.03028221
0.00079846 0.09508613 0.03189273 0.03028221
0.00079846 0.09508613 0.03189273 0.03028221
0.00079846 0.09228706 0.03189273 0.02939078
0.00079846 0.09508613 0.03189273 0.03028221
0.000865 0.09706537 0.03319504 0.03091254
0.00093154 0.11815789 0.03444815 0.0376299
0.00093154 0.11815789 0.03444815 0.0376299
0.00093154 0.11815789 0.03444815 0.0376299
0.00099807 0.10662201 0.03565707 0.03395605
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.11337958 0.0368265 0.03610815
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
I
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fivebin.tiff(Measurements)
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0.10860126 0.0368265 0.03458639
0.00106461 0L10860126 0.0368265 0.03458639
0.00119769 0.11815789 0.03906046 0.0376299
0.00119769 0.14938676 0.03906046 0.0475754
0.00133077 0.12491546 0.0411.7339 0.03978199
0.00133077 0.12491546 ' 0.04117349 0.03978199
0.00133077 0.12491546 0.04117339 0.03978199
0.00133077 0.12491546 0.041.17339 0.03978199
0.0013973 0.12969378 0.04219005 0.04130375
0.0013973 0.12491546 0.04219005 0.03978199
0.0013973 0.12491546 0.04219005 0.03978199
0.00146384 0.12969378 0.04318292 0.04130375
0.00173 0.14122966 0.04694488 0.0449776
0.00173 0.14122966 0.04694488 0.0449776
0.00186307 0.15754387 0.04871691 0.05017321
0.00212923 0.1595231 0.05208066 0.05080354
0.00306076 0.19890907 0.06244243 0.06334684
0.00339345 0.20846571 0.06574851 0.06639035
0.0039923 0.23153748 0.07131432 0.07373805
0.00419191 0.23153748 0.07307539 0.07373805
0.00432499 0.23969458 0.07422629 0.07633585
0.00565575 0.2737225 0.08488096 0.08717277
0.00598845 0.29061642 0.08734185 0.092553
0.00612152 0.29061642 0.08830693 0.092553
0.00825075 0.33675995 0.10252078 0.10724839
0.00825075 0.32464436 0.10252078 0.10338992
0.00878305 0.33955902 0.10577617 0.10813982
0.00931536 0.35785246 0.10893,439 0.11396575
0.01018036 0.37894499 0.11387981 0.12068312
0.01037997 0.38570255 0.11499083 0.12283521
0.01191035 0.41355264 0.12317638 0.13170466
0.01257574 0.4203102 0.12657034 0.13385675
0.01270881 0.41833097 0.12723823 0.13322642
0.01330766 0.42986685 0.13020151 0.13690027
0.01417266 0.44338197 0.13436645 0.14120445
0.01417266 0.43662441 0.13436645 0.13905236
0.01470496 0.45293862 0.13686648 0.14424797
ý-ý iv--
fivebin.tiff (Measurements)
0.02368763 0.5657385 0.17371046 0.1801715
0.0250184 0.59416825 0.17852331 0.18922556
0.02614955 0.60570413 0.18251446 0.1928994
0.027813 0.61724001 0.18823011 0.19657325
0.03446683 0.6892544 0.20953947 0.21950777
0.04444758 0.77758294 0.23795193 0.24763788
0.05875331 0.90727675 0.27357811 0.28894164
0.05961831 0.94468343 0.27558464 0.3008546
13, jp\J
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twelve.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00028413 0.04767607 0.01902496 0.01518346
0.00035516 0.0645321 0.0212.7048 0.02055162
0.00049722 0.08138814 0.02516746 0.02591979
0.00056825 0.08837014 0.02690512 0.02814336
0.00056825 0.09679815 0.02690512 0.03082744
0.00063928 0.08138814 0.02853716 0.02591979
0.00063928 0.09535214 0.02853716 0.03036692
0.00063928 0.08138814 0.02853716 0.02591979
0.00071031 0.09679815 0.03008078 0.03082744
0.00078135 0.10522617 0.03154917 0.03351152
0.00085238 0.09824417 0.032952 0.03128795
0.00085238 0.10028915 0.032952 0.03193922
0.00085238 0.10871717 0.032952 0.0346233
0.00085238 0.09824417 0.032952 0.03128795
0.00085238 0.11714519 0.032952 0.03730739
0.00085238 0.09535214 0.032952 0.03036692
0.00085238 0.09535214 0.032952 0.03036692
0.00099444 0.14447422 0.03559217 0.0460109
0.00106547 0.11714519 0.03684137 0.03730739
0.0011365 0.11714519 0.03804958 0.03730739
0.00127857 0.12412719 0.04035779 0.03953095
0.00156269 0.14098322 0.04461713 0.04489911
0.00241507 0.16975828 0.05546641 0.05406315
0.00284126 0.20900632 0.06016178 0.06656252
0.00369364 0.21045233 0.068595 0.06702304
0.00419086 0.24970038 0.07306624 0.07952241
0.00525633 0.28136748 0.08182886 0.08960748
0.00617974 0.29039446 0.08872587 0.09248231
0.01392217 0.43367076 0.13317375 0.13811171
0.03253242 0.66447014 0.20357449 0.21161469
0.04432364 0.78655231 0.23761994 0.25049437
0.04567324 0.78655231 0.24121043 0.25049437
0.06939775 0.99086976 0.29732941 0.31556362
0.09724209 1.18651104 0.35195919 0.37786976
0.15896845 1.48413563 0.45000842 0.47265466
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thirteen.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00007076 0.02379213 0.00949422 0.00757711
0.00014152 0.04409998 0.01342685 0.01404458
0.00014152 0.04061571 0.01342685 0.01293494
0.00014152 0.04409998 0.01342685 0.01404458
0.00014152 0.04409998 0.01342685 0.01404458
0.00014152 0.04061571 0.01342685 0.01293494
0.00014152 0.04061571 0.01342685 0.01293494
0.00021227 0.04758426 0.01644408 0.01515422
0.00021227 0.04758426 0.01644408 0.01515422
0.00021227 0.04758426 0.01644408 0.01515422
0.00028303 0.04758426 0.0189881 0.01515422
0.00028303 0.04758426 0.0189881 0.01515422
0.00028303 0.04758426 0.0189881 0.01515422
0.00035379 0.07137639 0.02122941 0.02273133
0.00035379 0.06440783 0.02122941 0.02051205
0.00035379 0.06789211 0.02122941 0.02162169
0.00049531 0.0763039 0.02511908 0.02430061
0.00056607 0.09661175 0.02685346 0.03076807
0.00070758 0.09312747 0.03002292 0.02965843
0.0008491 0.10009603 0.03288854 0.03187772
0.00134441 0.12388816 0.04138386 0.03945483
0.00134441 0.14419602 0.04138386 0.0459223
0.00141516 0.12881567 0.04245882 0.0410241
0.00148592 0.14071174 0.04350738 0.04481266
0.00198123 0.15753531 0.05023803 0.05017048
0.00212275 0.16246283 0.05200135 0.05173975
0.00226426 0.16739033 0.05370668 0.05330902
0.00240578 0.17639993 0.055-35962 0.05617832
0.00247654 0.17435889 0.05616786 0.05552831
0.00268881 0.19118246 0.05852551 0.06088613
0.00353791 0.21845888 0.06713339 0.06957289 L
0.00467004 0.26255885 0.07713038 0.08361747
0.00813719 0.33537847 0.1018128 0.10680843
0.01125055 0.39281777 0.1197"1596 0.1251012
0.01436391 0.43836099 0.13527001 0.13960541
0.01492998 0.45025703 0.13790969 0.14339396
0.01868016 0.5195924 0.15426076 0.16547529
-7
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thirteen.tiff(Measurements)
0.041039741
0.04118126
0.06403615
0.0903582
0.12460516
0.13656329
0.74442202
0.75631809
0.93560445
1.11981833
1.31592834
1.37829518
0.22864803
0.22904193
0.28561287
0.39841271
0.41709229
0.23707708
0.240865633
0.35663004
0.41908546
0.43894751
0.2979632[
0.33927273
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sixteen.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00003777 0.01738189 0.00693647 0.00553563
0.0001133 0.03476378 0.01201379 0.01107127
0.00015107 0.03476378 0.01387249 0.01107127
0.00018883 0.04705463 0.0155096 0.01498555
0.0002266 0.04705463 0.01699007 0.01498555
0.0002266 0.04705463 0.01699007 0.01498555
0.0002266 0.06803641 0.01699007 0.02166765
0.00030213 0.05574557 0.01961833 0.01775337
0.00030213 0.05574557 0.01961833 0.01775337
0.0003399 0.05934548 0.0208085 0.01889983
0.0003399 0.06443651 0.0208085 0.02052118
0.0003399 0.05934548 0.0208085 0.01889983
0.00037766 0.07058194 0.02193389 0.02247832
0.0004532 0.07163633 0.02402758 0.02281412
0.0004532 0.07163633 0.02402758 0.02281412
0.0004532 0.06952755 0.02402758 0.02214253
0.0004532 0.06952755 0.02402758 0.02214253
0.0004532 0.06952755 0.02402758 0.02214253
0.00052873 0.08796383 0.025.95268 0.02801396
0.00060426 0.0818184 0.02774451 0.02605682
0.00075533 0.09410925 0.03101-941 0.0299711
0.00079309 0.09410925 0.03178531 0.0299711
0.00079309 0.09770916 0.03178531 0.03111757
0.00094416 0.1064001 0.03468071 0.03388538
0.00105745 0.11149114 0.03670245 0.03550673
0.00147288 0.14581817 0.04331605 0.04643891
0.00154842 0.13607283 0.04441294 0.0433353
0.00192608 0.16109128 0.04953388 0.05130296
0.00215268 0.17338213 0.05236666 0.05521724
0.00222821 0.21789123 0.05327743 0.06939211
0.00226597 0.1754909 0.05372696 0.05588882
0.00241704 0.18312746 0.05548902 0.05832085
0.00249257 0.17803642 0.05634934 0.0566995
0.00339896 0.20981793 0.06580186 0.066821
0.00373886 0.22254553 0.06901361 0.07087437
0.00419205 0.23992741 0.07307661 0.07641
0.00506068 0.26196361 0.08029151 0.0834279
0.01253839 0.41138166 0.12638224 0.13101327
0.01593736 0.46712723 0.14248638 0.14876663
0.01695705 0.48301801 0.14697394 0.15382739
0.02062037 0.53007263 0.16207402 0.16881294
0.02254645 0.55974537 0.16947446 0.17826286
0.0276449 0.62629062 0.18766042 0.19945561,
0.03466942 0.69941813 0.21015439 0.22274463
0.03561357 0.69327265 0.21299673 0.22078747
It k---
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sixteen.tiff(Measurements)
0.108049241 1.232036231
0.10846467 1.24072719
9(1 0.23758748 1.82312644
1 0.37100181 0.39236823 2 "
0.37171434 0.39513605 k
0.55014472 0.58061352 1/,-
fourteen.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.0000652 0.02283839 0.00911358 0.00727337
0.0001304 0.03898757 0.01288855 0.01241642
0.0002608 0.04567679 0.01822716 0.01454675
0.0002608 0.04567679 0.01822716 0.01454675
0.0002608 0.04567679 0.01822716 0.01454675
0.0002608 0.04567679 0.01822716 0.01454675
0.0002608 0.04567679 0.01822716 0.01454675
0.000326 0.06851517 0.02037858 0.02182012
0.00039119 0.06182597 0.02232333 0.0196898
0.00039119 0.06182597 0.02232333 0.0196898
0.00039119 0.06182597 0.02232333 0.0196898
0.00039119 0.08466436 0.02232333 0.02696317
0.00052159 0.07324516 0.02577685 0.02332648
0.00052159 0.08466436 0.02577685 0.02696317
0.00052159 0.07797515 0.02577685 0.02483285
0.00058679 0.07797515 0.0273405 0.02483285
0.00078239 0.09135357 0.03157016 0.02909349
0.00104318 0.11223274 0.03645397 0.03574291
0.00104318 0.11557734 0.03645397 0.03680807
0.00110838 0.11696272 0.03757591 0.03724927
0.00117358 0.11892195 0.03866531 0.03787323
0.00130398 0.12365194 0.04075685 0.0393796
0.00143438 0.13034114 0.04274618 0.04150992
0.00143438 0.13507113 0.04274618 0.04301628
0.00149958 0.14176033 0.0437069 0.0451466
0.00149958 0.13507113 0.0437069 0.04301628
0.00176037 0.14649032 0.04735514 0.04665297
0.00202117 0.15595029 0.05074188 0.0496657
0.00202117 0.16263951 0.05074188 0.05179602
0.00221677 0.17209949 0.05314048 0.05480875
0.00228197 0.17209949 0.05391631 0.05480875
0.00241236 0.17405871 0.05543528 0.05543271
0.00254276 0.17878869 0.05691384 0.05693907
0.00273836 0.18351868 0.05906231 0.05844544
0.00286876 0.19297865 0.06045222 0.06145817
0.00371634 0.21973549 0.06880546 0.06997946
0.00541152 0.3219344 0.08302804 0.10252688
0.00547672 0.27291301 0.08352672 0.08691497
0.00567231 0.27821684 0.08500513 0.08860409,
0.00854107 0.3380836 0.10430889 0.10766994
0.01193142 0.40602493 0.12328528 0.1293073
0.01264861 0.4188295 0.12693652 0.13338519
0.01864692 0.5101831 0.15412345 0.16247869,
0.03657665 0.70316172 0.2158575 0.22393685
Qi 0.03775023 0.72127014 1 0.2192931 0.22970387
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fourteen .tiff(Measurements)
0.03846742
0.08593231
0.08886626
0.31634566
0.71931088
1.10053825
1.11864662
2.098877431
0.2213664
0.33085935
0.33646014
0.634813441
0.2290799 •*. "
0.35048989 I ~r -
0.35625689.,-
0.6684323 (/ ,.
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eleven.tiff(Measu rements)
Area Perimeter Diameter(A) Diameter(P)
0.0006236 0.08311713 0.02818501 0.02647042
0.00081847 0.09560309 0.03228989 0.03044684
0.00124719 0.12057498 0.03985947 0.03839968
0.00179284 0.15954763 0.04778988 0.05081135
0.00229951 0.17569062 0.05412312 0.05595243
0.00233848 0.16837652 0.05457981 0.0536231
0.00494979 0.26353592 0.07940696 0.08392864
0.06360675 0.93766946 0.28465366 0.29862085
0.07946946 1.07464731 0.31817445 0.34224437
0.44633853 2.50942874 0.75404517 0.79918113
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fifteen.tiff(Measurements)
Area
0.00006564
0.00019693
0.00019693
0.00026257
0.00026257
0.00032821
0.0004595
0.0004595
0.00052514
0.00059079
0.00072207
0.00078771
0.00078771
0.00078771
0.00078771
0.000919
0.00098464
0.00098464
0.00098464
0.00105028
0.00118157
0.00131286
0.00144414
0.00210057
0.00210057
0.00288828
0.00288828
0.00630171
0.00899306
0.00912435
0.00912435
0.0145727
0.01883948
0.02041491
0.05290809
0.05848773
0.09367226
0.09367226
0.14040993
0.15465441
Perimeter
0.02291598
0.04583197
0.05393399
0.04583197
0.04583197
0.06539199
0.07349401
0.07349401
0.084952
0.07824007
0.08969805
0.09166393
0.09444411
0.09444411
0.09444411
0.10115605
0.13217406
0.10786799
0.13553002
0.10786799
0.12407203
0.12881809
0.14027607
0.15648013
0.15648013
0.18610805
0.1908541
0.28055215
0.34872434
0.35208029
0.35486045
0.44988036
0.50520444
0.5227986
0.8620308
0.90393102
1.14732897
1.14536309
1.39906752
1.48205364
i
0.34543845
0.42292571
Diameter(A)
0.00914428
0.01583876
0.01583876
0.01828891
0.01828891
0.02044754
0.02419401
0.02419401
0.02586442
0.02743353
0.03032877
0.03167731
0.03167731
0.03167731
0.03167731
0.0342155
0.03541636
0.03541636
0.03541636
0.03657781
0.03879671
0.04089539
0.04289136
0.05172896
0.05172896
0.06065754
0.06065754
0.08959719
0.1070333
0.10781176
0.10781176
0.13624958
0.1549172
0.16126455
0.25961287
0.27295909
0.34543845
0.364765:
0.4455629
Diameter(P)
0.00729808
0.01459617
0.01717643
0.01459617
0.01459617
0.02082547
0.02340574
0.02340574
0.02705478
0.02491722
0.02856626
0.02919233
0.03007774
0.03007774
0.03007774
0.0322153
0.04209365
0.03435286
0.04316243
0.03435286
0.03951339
0.04102487
0.04467391
0.04983444
0.04983444
0.05927008
0.06078156
0.08934782
0.11105871
0.11212748
0.11301288
0.143274
0.16089313
0.1664963a7
0.2745341
0.28787612
0.36539139
i
AP,
(,8k
I
I
VL
seventeen.tiff(Measurements)
Area
0.00045504
0.00045504
0.00045504
0.00060672
0.00060672
0.00060672
0.00060672
0.00060672
0.00060672
0.0007584
0.00079632
0.00079632
0.00079632
0.00098592
0.00098592
0.00098592
0.00098592
0.00136512
0.00147888
0.0015168
0.00166848
0.00197183
0.00204767
0.00227519
0.00231311
0.00291983
0.00295775
0.00436079
0.00697726
0.00792526
0.01308237
0.01547132
0.0167606
0.01922539
0.03154936
0.03230776
0.0522157
0.10621364
0.12430143
Perimeter
0.06966884
0.0717819
0.0717819
0.08198467
0.08198467
0.08198467
0.08198467
0.08198467
0.08198467
0.09430049
0.09430049
0.09430049
0.09430049
0.10661632
0.10661632
0.10661632
0.10661632
0.12913491
0.13274214
0.14356381
0.14145073
0.18455613
0.1860503
0.1660824
0.17479099
0.20813125
0.20707473
0.23786429
0.31219688
0.3608413
0.44643319
0.47616622
0.49420232
0.51417023
0.66961223
0.66899329
0.87413627
1.21923578
1.32224488
I
I
I
----i
I
V'io
Diameter(A)
0.02407631
0.02407631
0.02407631
0.02780093
0.02780093
0.02780093
0.02780093
0.02780093
0.02780093
0.03108238
0.03184997
0.03184997
0.03.184997
0.03543937
0.03543937
0.03543937
0.03543937
0.041-7014
0.04340419
0.04395713
0.04610263
0.05011871
0.05107345
0.05383615
0.05428293
0.06098794
0.06138269
0.07453286
0.09427741
0.10047822
0.12909469
0.14038763
0.1461201
0.15649582
0.2004751
0.20287036
0.25790854
0.36783692
0.39792684
Diameter(P)
0.02218753
0.02286048
0.02286048
0.02610977
0.02610977
0.02610977
0.02610977
0.02610977
0.02610977
0.030032
0.030032
0.030032
0.030032
0.03395424
0.03395424
0.03395424
0.03395424
0.04112577
0.04227457
0.04572096
0.045048
0.05877584
0.05925169
0.05289248
0.05566592
0.06628384
0.06594737
0.07575296
0.09942576
0.11491761
0.14217618
0.15164529
0. 15738927
0.16374848
0.2132523
0.21305519
0.27838735
0.38829165
0.42109713q
3
000
'3
I
tb3
iI r
0000
k~cC.
eighteen.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00019285 0.04755317 0.01567382 0.01514432
0.00050142 0.07390223 0.02527354 0.02353574
0.00061713 0.08268526 0.02803842 0.02633289
0.00077142 0.09510633 0.03134806 0.03028864
0.00080999 0.09510633 0.03212218 0.03028864
0.00080999 0.09510633 0.03212218 0.03028864
0.00088713 0.11524487 0.03361699 0.03670219
0.00096427 0.11116545 0.0350481 0.03540301
0.00111855 0.11994848 0.03774791 0.03820015
0.00123426 0.11994848 0.03965231 0.03820015
0.00131141 0.13236955 0.0408728 0.04215591
0.0015814 0.14629754 0.04488343 0.04659157
0.00262281 0.18764018 0.05780276 0.05975802
0.00636417 0.31637168 0.09004012 0.10075531
0.00998983 0.36969399 0.11280912 0.1177369'4
0.02514813 0.60080791 0.17898557 0.1913401
0.03911074 0.76529574 0.22320976 0.24372476
0.06969735 0.99703383 0.29797052 0.3175267
0.07494298 1.03819358 0.3089802 0.3306349
0.14564316 1.62845302 0.43073506 0.51861561
7~p
'P9
iLct,4.- C
k2,
A .3
,rcA
Area Perimeter Length Diameter(A) Diameter(P)
0.0001191 0.012314334 0
0.00047641 0.07497717 0.024628927 0.023865974
0.00047641 0.024628927 0
0.00055581 0.026602242 0
0.00059551 0.02753592 0
0.000635221 0.028439185 -
0.00063522! 0.028439185 Photo
0.00063522 0.028439185 Number
0.00063522 0.028439185 Nineteen
0.00063522 0.028439185 --
0.00063522 0.028439185 0_+___od At
0.00079402 0.031-795875 0
0.00079402 0.031795875 0
0.00083372 0.26985636 0.032581057 0.085897947
0.00083372 0.032581057 0
0.00083372 0.032581057 0
0.00083372 0.032.581057 0
0.00087342 0.033347757 0
0.00103223 0.036252945 0
0.00103223 0.036252945 0
0.00103223 0.036252945 0
0.00103223 0.036252945 0
0.00123073 0.039585529 0
0.00127043 0.040218922 0
0.00134983 0.041456687 0
0.00150864 0.043827618 0
0.00154834 0.15472637 0.044400537 0.049250933
0.00158804 0.14689665 0.044966158 0.046758656
0.00158804 0.044966158 0
0.00202475 0.050773928
0.00226295 0.053677532 0
0.00238206 0.055072071 0
0.00254086 0.056878145 0
0.00269967 0.19514149 0.058628718 0.062115465
0.00341428 0.065933272 0
0.00361279 0.06782291 0
0.00559784 0.084423878 0 _
0.018302141 0.50783741 0.15265323 0.16164967
0.01925497 0.15657646 0
0.02679815 0.18471726 0
0.0371204 0.21740092 0
0.04200362 0.23125888 0
0.06336274 0.28403511 0
0.080235651 0.31962353 0
0.093019361 0.14303553 0.34414521 0.045529623
131
(3
V
~t~~ie
0-13r3i r-//I'-
six.tiff(Measurements)
I
f'
.1
0.00515866 0.26591638 0.08106504
0 00555 48 0 39130689 0 084A12517
0.006587211 0.29786089 0.09160431
0.00742053 0.32413915 0.09722605
0.00896813 0.41475409 0.1068848'4
0.01115064 0.40495008 0.1191832-1
0.01547598 0.49187496 0.14040878
Sn 0045o 0A 5 n728Afl1c t 16R0A4a1
Area Perimeter Diameter
0.00015873 0.04823332 0.01421984
0.00027777 0.05975125 0.01881082
0.00051587 0.07864934 0.02563512
0.00059523 0.10123752 0.02753643
0.00063491 0.09277656 0.02843945
0.00091269 0.11167465 0.03409784
0.00091269 0.11428393 0.03409784
0.00099205 0.11905482 0.03554937
0.0011111 0.11644553 0.03762199
0.00123014 0.12688266 0.03958607
0.00134919 0.1390337 0.04145737
0.00138887 0.14209068 0.04206259
0.00150792 0.15099932 0.04382827
0.00186505 0.15729863 0.04874279
0.00190474 0.16881661 0.04925871
0.00190474 0.16098878 0.04925871
0.0019841 0.18249615 0.05027441
0.00206346 0.15729868 0.05126999
0.00238092 0.19401407 0.05507285
0.00249997 0.22029234 0.05643293
0.00253965 0.18096767 0.05687902
0.00317456 0.20769361 0.06359265
0.00361106 0.22029234 0.06782386
0.00365074 0.22029234 0.06819549
0.00392852 0.22703938 0.07074238
0.00428566 0.23072946 0.07388802
0.0044047 0.23963812 0.07490716
(
-3/
0.03436461 0.70586795 0.20922852
0.07456248 1.07671189 0.30819483j
0.20527498 1.71194375 0.511367574
0.93546343 3.61745405 1.091637831•
;41*3
!olo
~3QZ~-
seven.tiff(Measurements)
Area Perimeter Diameter
0.00124891 0.12917702 0.03988694
0.00396713 0.22198954 0.07108916
0.00429772 0.28657806 0.07399191
0.00554663 0.2840676 0.08405814
0.0071996 0.32649285 0.09576777,
0.01068921 0.40467343 0.11669117
0.02064376 0.58631748 0.16216591
0.02350891 0.61852252 0.17305391
0.02464762 0.64355302 0.17719549
0.03592455 0.74224788 0.21392465
0.04382207 0.79428416 0.23627165
0.05594385 0.88458627 0.26695702,
0.15042026 1.47341418 0.43774212
0.16687649 1.51834989 0.46106563
BI
JrsL
323,
eight.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00274349 0.18237524 0.05911761 0.05808129
0.00315501 0.19589926 0.06339654 0.0623883
0.00393233 0.22062695 0.07077667 0.07026336
0.0044353 0.25047591 0.07516691 0.0797694
0.0062643 0.3006109 0.08933085 0.09573596
0.00690444 0.30225164 0.09378414 0.09625848
0.00713307 0.29945073 0.09532425 0.09536647
0.00804756 0.32929969 0.10125052 0.10487251
0.00873343 0.35026532 0.10547696 0.11154946
0.01165982 0.4379724 0.12187401 0.13948166
0.01449476 0.49090832 0.13588474 0.15634023
0.0153178 0.48694724 0.13968937 0.15507874
0.01879289 0.53428131 0.15472552 0.17015328
0.02167355 0.56064975 ` 0.16616142 0.17855088
0.03237315 0.67396319 0.20307556 0.21463796
0.06812993 0.97341388 0.29460095 0.31000442
0.06986748 1.01426744 0.29833397 0.32301511
0.12281679 1.29991269 0.39554331 0.41398493
0.24138117 1.82463098 0.55451955 0.58109267
I i-
* }
jjv-
oooi
4 t
nine.tiff(Measurements)
Area Perimeter Diameter(A) Diameter(P)
0.00185422 0.14911638 0.04860107 0.04748929
0.0021492 0.16209964 0.05232432 0.05162409
0.00455126 0.23777163 0.07614318 0.0757234
0.00522552 0.26642707 0.08158868 0.0848493
0.00636333 0.28747708 0.09003418 0.0915532
0.00809112 0.33894879 0.10152418 0.1079454
0.0115467 0.39180452 0.12128138 0.1247785
0.01639295 0.49567059 0.14450861 0.1578568
0.01824716 0.50485116 0.15246242 0.1607806
0.02452621 0.63180369 0.17675853 0.20121,137
0.03282804 0.68485051 0.20449733 0.21810526
0.04020276 0.74262273 0.22630446 0.23650405
0.07395791 1.03928041 0.30694283 0.33098102
n•n4nn2 4 4170rn6C1 0 1 Al3A7 2l72'Q
Alv-gr
ooýE
0.12178823 1.33659053 0.39388354 0.42566577
. .. .OAI3I - --- • IA - ----- J
Os.13325065 1.3717376 0.41200249 0.43685
01.26182362 1.90301657 0.5775234 0.60605623
0
ten.tiff(Measurements)
Area Perimeter Diameter(A) IDiameter(P)
0.00161295 0.13907731 0.04532895 0.04429214
0.00186956 0.15118648 0.04880169 0.04814856
0.00186956 0.15118648 0.04880169 0.04814856
0.00190622 0.15118648 0.04927784 0.04814856
0.00190622 0.15118648 0.04927784 0.04814856
0.00219948 0.16329567 0.05293284 0.05200499
0.00219948 0.16329567 0.05293284 0.05200499
0.00219948 0.16329567 0.05293284 0.05200499
0.00219948 0.16329567 0.05293284 0.05200499
0.002194- 8I -06 7 0 0.05200499ý m - - A
0.00252941 0.17540485 0.05676423 0.05586142
0.00263938 0.19002192 0.05798506 0.06051654
0.00263938 0.19002192 0.05798506 0.06051654
0.0027127 0.19002192 0.05878494 0.06051654
0.00293264 0.20213109 0.06112158 0.06437296
0.00315259 0.19754559 0.06337222 0.06291261
0.00322591 0.21424027 0.06410491 0.06822939
0.00351917 0.20965476 0.06695535 0.06676903
0.00355583 0.20965476 0.06730319 0.06676903
0.00421567 0.23387313 0.0732822 0.07448189
0.0045456 0.2484902 0.07609582 0.07913701
0.0045456 0.2484902 0.07609582 0.07913701
0.0045456 0.2459823 0.07609582 0.07833831
0.00498549 0.26059937 0.0796928 0.08299343
0.00549871 0.27270854 0.08369424 0.08684985
0.00729495 0.31655976 0.09639984 0.10081521
0.00740492 0.36499646 0.09712373 0.11624091
0.00784482 0.33117682 0.099967 0.10547032,
0.00879793 0.3412084 0.10586574 0.1086651
0.00901788 0.36646557 0.1071809 0.11670878
0.01964871 0.52933091 0.15820937 0.16857672
0.02049185 0.5343467 0.16156815 0.17017411
0.02148161 0.56358087 0.16542403 0.17948435
0.02522073 0.62204915 0.17924374 0.19810482
0.03097605 0.66339248 0.19864525 0.21127149
0.03581491 0.74858701 0.21359796 0.23840351
0.03607152 0.70828247 0.2143618 0.22556767
0.11363994 1.28794944 0.38047898 0.41017498
0.12841313 1.34763479 0.4044547 0.42918305
0.16250511 1.5082444 0.45498668 0.48033261
00,1-
-
BI
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